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UN SDG Publishers Compact

As a Publisher, Biotech Studies is pleased to declare its commitment to the United Nations Sustainable
Development Goals (UN SDGs) Publishers Compact. The purpose of this Compact is to accelerate progress to
achieve SDGs by 2030. Signatories aspire to develop sustainable practices and act as champions of the SDGs
during the Decade of Action (2020-2030), publishing books and journals that will help inform, develop, and
inspire action in that direction. Furthermore, as a signatory of SDG Publishers Compact, Biotech Studies commit
to:

1. Committing to the SDGs: Stating sustainability policies and targets on our website, including adherence to
this Compact; incorporating SDGs and their targets as appropriate.

2. Actively promoting and acquiring content that advocates for themes represented by the SDGs, such as
equality, sustainability, justice and safeguarding and strengthening the environment.

3. Annually reporting on progress towards achieving SDGs, sharing data and contribute to benchmarking
activities, helping to share best practices and identify gaps that still need to be addressed.

4. Nominating a person who will promote SDG progress, acting as a point of contact and coordinating the SDG
themes throughout the organization.

5. Raising awareness and promoting the SDGs among staff to increase awareness of SDG-related policies and
goals and encouraging projects that will help achieve the SDGs by 2030.

6. Raising awareness and promoting the SDGs among suppliers, to advocate for SDGs and to collaborate on
areas that need innovative actions and solutions.

7. Becoming an advocate to customers and stakeholders by promoting and actively communicating about the
SDG agenda through marketing, websites, promotions, and projects.

8. Collaborating across cities, countries, and continents with other signatories and organizations to develop,
localize and scale projects that will advance progress on the SDGs individually or through their Publishing
Association.

9. Dedicating budget and other resources towards accelerating progress for SDG-dedicated projects and
promoting SDG principles.

10. Taking action on at least one SDG goal, either as an individual publisher or through your national publishing
association and sharing progress annually.

Besides these 10 action points, Biotech Studies endorses the SDGs, and explicitly concentrate on eight of 17
goals:
) 1 GODD HEALTH GENDER 1 REDUCED 1 CLIMATE 1 LIFE 15 LIFE 1 PARTNERSHIPS
AND WELL-BEING EQUALITY INEQUALITIES ACTION BELOW WATER ONLAND FOR THE GOALS
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Introduction

Neuroblastoma (NB) is a prevalent malignancy that
originates from the neural crest in children and

Abstract

Neuroblastoma (NB) is an embryonal neoplasm affecting the autonomic branch of the
nervous system; it is the most commonly detected cancer type in children. NBs
affecting children mostly present with metastatic disease that is hardly treatable with
intensive multimodal therapy and portends a poor prognosis. Therefore, the likelihood
of children with high-risk NB relapse remains extremely high, which calls for urgent
action to discover novel treatment options to improve survival. Assessing the anti-
cancer properties of known natural compounds may offer novel therapeutic options
against NB. In this study we aimed to investigate the anti-cancer properties of the
Verbacum gypsicola methanol extract (VGME) rich in flavonoids on SH-SY5Y cell line.
For this purpose, we used LC-MS analysis to investigate the flavonoid composition of
VGME, MTT analysis to investigate its effect on cell viability, and flow cytometry and
gRT-PCR analyses to investigate its effect on apoptosis. VGME had a high flavonoid
content. Its ICsp dose was 50 pg/mL at 48 hours. It significantly increased intracellular
ROS level, apoptotic cells’ percentage, and mitochondrial disruption. The capacity of
VGME to block cancer growth via an intrinsic apoptotic route implies that it might be
a classic option for anticancer drug creation.

Despite these intensive multimodal therapeutic
approaches, the relapse risk in NB remains notably high.

represents a substantial challenge in pediatric oncology,
as highlighted by Anoushirvani et al. (2023). This
aggressive cancer is responsible for a significant
proportion of childhood cancer-related mortality, with
roughly 15% of pediatric cancer-related deaths
attributed to NB. What's particularly concerning is that
a substantial portion of new NB cases, close to 40%,
present with high-risk criteria, and many of these cases
have already metastasized at the time of diagnosis, as
reported by Jacobson et al. (2023). The inherent
aggressive nature and advanced disease stage at
diagnosis pose significant hurdles in effectively
managing this condition. The current therapeutic
arsenal for NB includes a combination of treatments
such as surgical removal, chemotherapy, stem cell
transplantation, radiotherapy, and immunotherapy.

Published by Field Crops Central Research Institute (FCCRI) Ankara, Turkey

Distressingly, when the disease does recur, it often
exhibits poor responsiveness to subsequent therapeutic
interventions, as highlighted by Gao et al. (2023). It is
noteworthy that over two-fifths of NB cases with high-
risk characteristics experience relapse, underscoring the
pressing need for the discovery of novel therapeutic
targets and the exploration of natural therapeutic
compounds, especially those derived from herbal
sources, as emphasized by Hagemann et al. (2013).
Additionally, in NB, imbalances in the gene and protein
levels of BAX (BCL2 associated X), BCL2 (B-cell
CLL/lymphoma 2), CASP3 (caspase-3), CASP7 (caspase-
7), CASP8 (caspase-8), CASP9 (caspase-9), and CYCS
(cytochrome C), which are involved in the intrinsic
apoptotic pathway, can lead to a predisposition of cells
favoring survival over programmed cell death. This
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contributes to the growth of the tumor and its
resistance to treatments. Understanding how the
intrinsic apoptotic pathway is impacted in NB treatment
is crucial for the development of herbal treatment
methods. Specifically, targeting these genes and
proteins in the pathway could be a potential strategy to
eradicate tumor cells (Ataur Rahman et al., 2012; Chen

vitro antiproliferative effects of V. sinaiticum were
studied against Hep-2 and MCF-7 cell lines. The ethanol
extract of V. sinaiticum showed strong antiproliferative
capabilities against these cell lines. Notably, the extract
from the flowers of V. sinaiticum was more potent than
that from its aerial parts, as documented by Talib and
Mahasneh (2010b). Luteolin and 3-0-

et al.,, 2014a; Rahman et al., 2013). The pursuit of
innovative treatment options and the investigation of
herbal compounds hold promise for improving the
outlook for NB patients and addressing the unique
challenges posed by this complex pediatric cancer.

The Verbascum genus, belonging to the
Scrophulariaceae family, encompasses a rich diversity of
approximately 360 species worldwide. However, it's in
Turkey where Verbascum truly flourishes, with a
remarkable 239 species and 107 hybrids, and notably, a
staggering 200 of them are exclusive to this region, as
highlighted by Keser et al. (2023). These plants have
found a prominent place in traditional remedies and
have been attributed with a wide range of medicinal
properties. Verbascum species have been historically
harnessed for their medicinal potential, serving as
remedies for a plethora of health concerns. They have
been valued for their anticancer, cytotoxic,
immunomodulatory, antiulcerogenic, antihepatotoxic,
antihyperlipidemic, antitussive, antiviral, antimicrobial,
antimalarial, antioxidant, antiinflammatory,
antinociceptive, antitumor, and antigermination
properties, as documented by Alkowni et al. (2023) and
Tatl and Akdemir (2006). This extensive range of uses
attests to the rich pharmacological potential inherent in
Verbascum species. Furthermore, Verbascum species
are a reservoir of diverse chemical compounds,
including flavonoids, phenolics, tannins, coumarins,
cardiac glycosides, quinones, and flavanones as
indicated by Amiri et al. (2023), Aydin et al. (2020), Gose
and Hacioglu Dogru (2021), Pourmoslemi et al. (2023),
Tath et al. (2008). This diverse chemical profile
contributes to their multifaceted therapeutic
properties. Previous research, such as the work by
Taskaya et al. (2023), has unveiled the significant
anticancer potential of Verbascum napifolium,
particularly in relation to cell viability in CaCo-2 and L929
cell lines. Similarly, Demirci et al. (2023) delved into the
anticancer activities of the methanol extract of V.
speciosum, which is rich in iridoid glucosides and phenyl
ethanoids. Research on the leaves of V. sinaiticum has
led to the discovery of two flavolignans: hydrocarpin and
the new compound sinaiticin. Additionally, two
flavones, chrysoeriol and luteolin, were identified. All
these compounds demonstrated dose-dependent
cytotoxic effects on cultured P388 cells, as reported by
Afifi et al. (1993). Fifty-one extracts from various parts
of 14 different plants were analyzed for their cytotoxic
properties using the MTT assay. Among them, the
ethanol extract from the flowers of V. sinaiticum
demonstrated cytotoxic effects against the Vero cell
line, as reported by Talib and Mahasned (2010a). The in

fucopyranosylsaikogenin F, extracted from V. thapus,
have been identified to exhibit potent antiproliferative
properties. Specifically, they induced apoptosis in A549
lung cancer cells, as documented by Zhao et al. (2011).
Notably, the study at hand is pioneering in its
investigation of the anticancer activity of V. gypsicola
species on the SH-SY5Y cell line. The choice of SH-SY5Y
cells as the experimental model is well-justified for
several compelling reasons: First, it's closely associated
with NB, a cancer type commonly found in children that
originates from nerve cells. Hence, using SH-SY5Y cells
provides a logical choice to assess the potential effects
against this specific cancer type, as outlined by
Kovalevich and Langford (2013). Second, these cells are
of human origin, which aligns well with clinical
applications for treating NB. Third, SH-SY5Y cells have a
strong basis in prior research and are a widely
recognized model in the fields of NB and cancer
research, as evidenced by the considerable body of
literature that has utilized this cell line, as underscored
by Mellado et al. (2018), Pk et al. (2023), Richeux et al.
(1999), and Tai et al. (2011) and Vetter et al. (2012).
Lastly, SH-SY5Y cells may share similar characteristics
with NB cells, thus providing a more specific model for
understanding the underlying mechanisms related to
NB, a feature underscored by Ataur Rahman et al.
(2012). By choosing SH-SY5Y cells for this study, it not
only opens the door to exploring the potential
anticancer properties of V. gypsicola but also allows for
a more nuanced understanding of the mechanisms
underpinning its effects, thereby offering promising
avenues for the advancement of NB research and
treatment strategies.

The primary objective of the current study was to
assess the potential anti-cancer properties of the
flavonoid compounds present within the chemical
composition of V. gypsicola methanolic extract (VGME).
To achieve this, LC-MS/MS analysis was employed to
precisely identify the specific flavonoids residing within
VGME. Subsequently, VGME was evaluated for its
cytotoxic effects against human neuroblastoma cancer
cells (SH-SY5Y). In an effort to unravel whether VGME's
cytotoxicity could be attributed to the flavonoids it
contains, this study delved further into a comprehensive
investigation that encompassed, for the first time, the
examination of several crucial aspects. These included
the assessment of intracellular ROS levels, the
quantification of apoptotic cells, the determination of
disrupted mitochondria, and an exploration of the
influence on gene expression levels related to the
apoptosis pathway. This holistic approach allowed us to
not only identify the presence of flavonoids within
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VGME but also to dissect the precise mechanisms
through which VGME exerts its cytotoxic effects on
cancer cells, shedding light on potential therapeutic
avenues in the quest to combat cancer.

Materials and Methods

Plant material

Verbascum gypsicola Vural & Aydogdu, a
distinctive plant species, is known for its natural habitat
within an area rich in saline salts, nestled in the scenic
region of Beypazari, located in Ankara, Turkey. This
remarkable plant was thoughtfully sampled during the
month of August in the year 2011, precisely when it was
in full bloom, showcasing its vibrant and characteristic
flowers. The precise identification and authentication of
this plant specimen were expertly conducted under the
discerning eye of Prof. Dr. Zeki AYTAC, a distinguished
authority in botanical studies affiliated with Gazi
University. This rigorous verification process ensured
the accurate classification and taxonomy of Verbascum
gypsicola. To further validate its identity and as a
testament to its existence, a voucher specimen was
meticulously preserved within the Herbarium of Gazi
University. This voucher specimen bears the distinctive
identifier "ZA-10440" and serves as a tangible record of
Verbascum gypsicola's presence in this unique
ecological niche. This diligent documentation and
verification process not only contribute to our
understanding of this plant species but also provide
valuable insights into the biodiversity and botanical
richness of the Beypazari region in Ankara, Turkey.

Preparation of the methanolic extract

The preparation of the V. gypsicola methanolic
extract (VGME) was carried out with precision and
attention to detail. Initially, 30 grams of dried and
powdered V. gypsicola were carefully used for the
extraction process. The extraction was performed at a
controlled temperature of 60 °C, and it extended over a
period of four h. To facilitate this process, a specialized
Soxhlet apparatus was thoughtfully employed.
Following the extraction, the VGME was meticulously
filtered and concentrated under vacuum conditions at
80 °C using a rotary evaporator from Heidolph
(Schwabach, Germany). This step ensured the removal
of excess solvent and the concentration of the extract,
resulting in a more potent and manageable form.
Subsequently, a crucial freeze-drying process was
carried out, further enhancing the stability and
preservation of the extract. The extract was then
carefully stored at a controlled temperature of 4 °C for a
maximum period of one week, during which it remained
in optimal condition and ready for chemical analyses.
This methodical procedure ensured the integrity and
quality of the VGME, making it well-suited for the
subsequent chemical analyses required for the study's
objectives.

Determination of flavonoid composition

The quantification of VGME's flavonoid contents
was meticulously achieved through a precise and
sophisticated analytical approach. To carry out this task,
an Agilent 6460 Triple Quad LC/MS (California, USA) was
expertly coupled with the Agilent 1200 series high-
performance liquid chromatography (HPLC) system
(California, USA). This cutting-edge instrumentation
allowed for the accurate determination of the
concentrations of specific flavonoids present in VGME.
To do so, calibration curves correlating concentration
with peak area were thoughtfully generated for each
individual flavonoid of interest. By skillfully comparing
the peak areas of the flavonoids in VGME to the
established calibration curves, the respective
concentrations of these compounds within VGME were
quantified. This methodical and data-driven approach
ensures the precision and reliability of the obtained
results regarding VGME's flavonoid content, providing
invaluable insights for the study's objectives.

Determination of cell viability

In this study, human neuroblastoma cells (SH-SY5Y,
ATCC CRL-2266) were thoughtfully procured from the
Foot and Mouth Institute located in Ankara, Turkey.
These cells were cultivated using Dulbecco’s modified
Eagle’s medium (DMEM) sourced from Gibco
(Massachusetts, USA). The growth medium was
enriched with 10% fetal bovine serum (FBS) from Gibco
(Massachusetts, USA) along with 1%
penicillin/streptomycin and 1% L-glutamine, both also
from Gibco (Massachusetts, USA). The cell culture was
meticulously maintained in a humidified environment
with a 5% CO2 and 95% air mixture at a stable
temperature of 37 °C. To ensure healthy cell growth, the
medium was replenished three times weekly when the
cells approached confluence. This careful maintenance
of cell cultures helps to guarantee their vitality and
reliability in subsequent experiments. The impact of
VGME on cell viability was systematically assessed by
cultivating SH-SY5Y cells in 96-well plates, with an initial
seeding density of 10,000 cells per well. The cells were
then incubated in a controlled environment with 5% CO
at 37 °C. Subsequently, VGME was introduced to the
wells at varying concentrations (ranging from 0 to 1000
ug/mL) and for different durations of 24, 48, and 72 h.
Following the designated incubation periods, VGME was
carefully removed from the wells, and the cells were
thoroughly washed with phosphate-buffered saline
(PBS) sourced from Merck (Pennsylvania, USA). Fresh
media were then added to the wells. To assess cell
viability, the widely-used MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium  bromide) assay was
employed. Specifically, 20 uL of a 0.5% MTT solution
from Sigma-Aldrich (Massachusetts, USA), prepared in
PBS, was added to each well. After a subsequent four h
incubation and removal of the medium, 200 pL of
dimethyl sulfoxide (DMSO) from Sigma-Aldrich
(Massachusetts, USA), was applied to dissolve the
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formazan crystals that had formed. The absorbance
levels were then accurately measured at 570 nm using
an ELISA microplate reader from BioTek (Vermont, USA).
To derive the cell viability values, the absorbance of the
untreated control cells was divided by that of the
treated cells. The results were expressed as
percentages, providing a comprehensive view of how
VGME affected the viability of SH-SY5Y cells. This
rigorous experimental procedure ensured the reliability
and validity of the findings in the assessment of cell
viability.

Flow cytometric detection of reactive oxygen species
(ROS)

In the investigation of cellular reactive oxygen
species (ROS) levels, a meticulous protocol was
meticulously adhered to. To assess ROS levels, the cells
were deliberately treated with DCFDA (20 uM), a
fluorescent probe supplied by Cayman Chemical
(Michigan, USA). This step enabled the specific
detection of ROS within the cellular environment.
Following the introduction of DCFDA, the treated cells
were subjected to a controlled incubation period at
37 °C for a duration of 30 min. During this incubation,
the cells were allowed to interact with DCFDA, which is
capable of detecting changes in ROS levels. After this
incubation period, the cells were carefully pipetted and
made ready for detailed analysis through the utilization
of the ACEA NovoCyte flow cytometer (California, USA).
This advanced flow cytometry system was instrumental
in the systematic examination of the cells, providing a
comprehensive view of ROS levels and their
fluctuations. For each sample, an impressive 10* cells
were analyzed, ensuring a statistically robust dataset.
The ACEA NovoExpress software (California, USA), a
powerful tool for flow cytometry data analysis, was then
employed to process and record the data. The software
allowed for the precise determination of the mean
change in ROS levels within the cell population,
shedding light on how the experimental conditions
influenced the cellular oxidative stress. This information
is crucial in understanding the impact of the study
variables on cellular responses and oxidative processes.
The careful execution of this procedure, coupled with
the use of advanced equipment and software,
guaranteed that the results were reliable and
informative. This, in turn, greatly contributed to the
comprehensive understanding of the dynamics of ROS
levels in the context of the study.

Flow cytometric detection of apoptotic cells

In the meticulous evaluation of cell apoptosis, a
well-thought-out procedure was meticulously followed.
Specifically, a total of 5 pL of annexin V-FITC and an
additional 5 pL of propidium iodide (Pl), both sourced
from Abcam (Cambridge, UK), were thoughtfully
introduced into each 100 pL of the cell suspension,
encompassing approximately 1x108 cells. These vital
fluorescent probes were instrumental in distinguishing

and quantifying different cell populations based on their
membrane integrity and apoptotic status. Following the
addition of annexin V-FITC and Pl, the cells were
subjected to a controlled incubation period in the dark,
carried out at room temperature, for a duration of 15
min. This incubation allowed for the binding of annexin
V-FITC and Pl to the cells, enabling their distinct
identification in terms of apoptotic features. After the
incubation, 400 pL of 1x annexin-binding buffer was
meticulously added to the cell suspension. This step
served to stabilize and prepare the cells for precise
analysis. The cell analysis was conducted using the
advanced ACEA NovoCyte flow cytometry system
(California, USA). This state-of-the-art equipment
enabled the systematic examination of the stained cells,
providing detailed insights into their apoptotic status
and membrane integrity. For each sample, an extensive
dataset was generated by analyzing a representative
sample size of 10,000 cells, ensuring that the results
were both comprehensive and statistically sound.
Subsequently, the ACEA NovoExpress software
(California, USA), designed for flow cytometry data
analysis, was employed to record and process the data.
The recorded data allowed for the precise
determination of the percentages of live, early
apoptotic, late apoptotic, and necrotic cells within the
cell population. This comprehensive analysis shed light
on the dynamic processes associated with cell apoptosis
and provided valuable information regarding the
experimental conditions' impact on cellular responses.
The rigor and attention to detail in this procedure
ensured that the results were robust, reliable, and
informative, contributing significantly to the
understanding of cell apoptosis in the context of the
study.

Flow cytometric detection of mitochondrial membrane
potential (AYm)

In the assessment of mitochondrial integrity,
tetraethylbenzimidazolylcarbocyanine iodide (JC-1), a
fluorescent probe provided by Cayman Chemical
(Michigan, USA), was skillfully incorporated into the
experimental setup. Specifically, 100 uL of JC-1 was
meticulously added to a cell population comprising
approximately 1 x 10° cells. This critical step ensured the
staining of the mitochondria within the cells. The cells
were then subjected to a controlled cell culture
environment maintained at 37 °C for a duration of 30
min. This incubation period was crucial for allowing JC-1
to interact with the mitochondria within the cells,
revealing crucial information about their integrity.
Subsequently, the cells were systematically harvested
and carefully pipetted for removal, followed by a
thorough washing with PBS, performed twice. This
rigorous washing process was essential to remove any
excess JC-1 and to prepare the cells for precise analysis.
To carry out the analysis, an ACEA NovoCyte flow
cytometer (California, USA) was skillfully employed, a
powerful instrument for conducting flow cytometry.
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This high-tech equipment facilitated the assessment of
mitochondrial integrity by capturing and analyzing data
from the stained cells. A substantial dataset was
generated by analyzing 10,000 cells per sample,
ensuring a comprehensive and representative
assessment. The ACEA NovoExpress software
(California, USA), a sophisticated tool designed for flow
cytometry data analysis, was then utilized to process the
data. Through the application of this software, the
percentages of intact and disrupted mitochondria were
meticulously determined. This analysis provided
valuable insights into the state of the mitochondria
within the cell population, shedding light on their
structural integrity and any alterations induced by the
experimental conditions. This meticulous procedure not
only offers precise quantitative data but also ensures
the reliability and validity of the results in the context of
mitochondrial integrity assessment, contributing to a
deeper understanding of cellular responses.

qRT-PCR

In the pursuit of investigating the molecular
alterations induced by VGME, a meticulously designed
series of laboratory techniques was employed. Initially,
total RNA extraction from SH-SY5Y cells was carried out
with the highly regarded RNeasy mini kit from Qiagen
(Hilden, Germany), ensuring the efficient isolation of
RNA. Subsequently, the quantitect reverse transcription
kit, also from Qiagen (Hilden, Germany), was
conscientiously utilized to perform reverse transcription
following the manufacturer's recommended protocols.
This step allowed for the conversion of RNA into
complementary DNA (cDNA), a pivotal transformation in
molecular biology research. To delve into the VGME-
mediated changes in gene expression, a quantitative
real-time polymerase chain reaction (qRT-PCR)
technique was executed. For this purpose, carefully
selected primers tailored to each specific gene of
interest, including BAX, BCL2, CASP3, CASP7, CASPS,
CASP9, and CYCS, were thoughtfully employed. These
primers facilitated the precise quantification of gene
expression levels. To ensure accurate comparisons and
normalize the data, 8-actin was chosen as a reference
gene, which served as a stable point of reference for the
analysis. This normalization step is essential to mitigate
variations in the experimental process. The gRT-PCR
protocol was executed with the following settings: a
preliminary 5-min denaturation step at 95 °C, followed
by 40 cycles comprising 10 sec of denaturation at 95 °C,
30 sec of annealing at 60 °C, and 30 sec of extension at
72 °C. This meticulously designed protocol allowed for
the precise amplification and quantification of the target
genes. To determine the relative changes in gene
expression levels, the 27T method was meticulously
employed, a widely accepted approach in gRT-PCR
analysis. This method provides a robust means of
calculating fold regulation and enables a clear
interpretation of the alterations in gene expression
induced by VGME. Finally, the results were thoughtfully

presented as fold regulations, offering a comprehensive
and understandable depiction of the changes in gene
expression levels attributed to VGME treatment. This
methodical approach ensures the reliability and validity
of the molecular insights gained in this research.

Data analysis

Each experiment was thoughtfully conducted in
triplicate, ensuring rigorous and reliable data for
subsequent statistical analyses. The resulting data for all
variables were thoughtfully presented as mean values
accompanied by their corresponding standard
deviations (SD), a commonly accepted practice to
convey the consistency and dispersion of the
measurements. For the purpose of data analysis, all
statistical procedures were meticulously carried out
using SPSS version 11.0 (New York, USA), a widely used
and respected statistical software tool. To assess the
significance of differences between the study groups in
terms of means, a one-way ANOVA test, a robust
statistical method, was thoughtfully employed. This test
provided a comprehensive assessment of any variations
among the experimental groups. It's important to note
that a threshold of statistical significance was defined as
a P-value of less than 0.05. In accordance with this
criterion, any observed results with a P-value below 0.05
were regarded as statistically significant, underscoring
the reliability and validity of the findings in the study.
This rigorous approach to experimental design and data
analysis ensures that the conclusions drawn from this
research are both credible and meaningful.

Results and Discussion

As a preliminary study, total phenolic (15.42 + 0.92
mg/g), total flavonoid (117.13 £+0.78 mg/g), ascorbic
acid (2.12£0.93 mg/g), B-carotene (1.89 +0.65 mg/g),
lycopene (0.63+0.23 mg/g), and total alkaloid
(0.45 £ 0.11 mg/g) contents of VGME were determined.
Since the total flavonoid content was the main
component found in VGME, the study focused on
flavonoids. In a study conducted by Selseleh et al.
(2020), the total flavonoid content of 10 distinct
Verbascum species gathered from Iran was found to
range from 12 to 22 mg/g. In a study conducted by
Kiziltas et al. (2022), the total flavonoid content in V.
speciosum Schrad extracts was measured to be in the
range of 5-16 pg/mL. Similarly, Luca et al. (2019)
revealed that the total flavonoid content of V.
ovalifolium Donn ex Sims extracts, prepared using
various solvents, fluctuated between 17-107 mg/g.
Additionally, research by Mihalovic et al. (2016) showed
that extracts from V. nigrum, V. phlomoides, and V.
thapsus had total flavonoid contents varying from 10-53
mg/g. Our results are confirming the high total flavonoid
content in VGME. Our study found a higher total
flavonoid content in VGME compared to the studies
conducted by Kiziltas et al. (2022), Luca et al. (2019),
Mihalovic et al. (2016), and Selseleh et al. (2020).
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Extensive prior phytochemical studies, as
exemplified by Gokmen et al. (2021), have previously
uncovered the presence of flavonoids within the
chemical composition of the Verbascum genus.
Flavonoids, regarded as a vital category of bioactive
compounds in plants, have been reported to be
distributed across various plant components, a fact
highlighted by Amini et al. (2021). In light of these
findings, our study sought to elucidate the flavonoid
composition of VGME (Verbascum gypsicola methanolic
extract) through the employment of LC-MS/MS
techniques. The outcomes of our investigation revealed
the presence of seven distinct flavonoids within VGME.
Notably, the analysis disclosed that apigenin exhibited
the highest concentration of flavonoids within VGME,
while amentoflavone was found to be the least
abundant, as outlined in Table 1. Drawing from the
research conducted by Amini et al. (2021), it is evident
that certain Verbascum species, particularly V. saccatum
and V. songaricum, are distinguished by their high
overall flavonoid content, featuring compounds such as
apigenin, quercetin, and rutin. Further corroborating
our findings, a study by Klimek et al. (2020)
demonstrated that flower samples of V. phlomoides are
notably rich in diosmin and tamarixetin, while V.
densiflorum predominantly contains verbascoside and
luteolin. Moreover, Mahmoud et al. (2007) successfully
isolated and identified luteolin and chrysoeriol within V.
sinaiticum. In the case of V. thapsus, a species within the
Verbascum genus, research by Alipieva et al. (2014) has
revealed the presence of a unique bisflavonoid known
as amentoflavone. Consistent with the wealth of
knowledge within the existing literature, our study
underscores the significant flavonoid content in V.
gypsicola, reinforcing the potential for this plant species
to serve as a valuable source of flavonoids, a feature that
aligns with the established characteristics of certain
other Verbascum species recognized for their flavonoid
richness. These findings collectively emphasize the
substantial value and relevance of VGME within the
context of flavonoid research and its potential
applications.

Table 1. Flavonoid composition and quantity of VGME

Flavonoid Control VGME

composition (ns/g) (ns/g)

Apigenin 0.00 £ 0.00 0.47 £0.02"
Luteolin 0.00+0.00 0.43 +0.03"
Quercetin 0.00 +0.00 0.39+0.01"
Diosmin 0.00+0.00 0.13 £0.00"
Chrysoeriol 0.00 £ 0.00 0.08 £0.02"
Tamarixetin 0.00 +0.00 0.07 £0.04"
Amentoflavone 0.00 £ 0.00 0.05 +0.04"

*P <0.05, compared with the control group

Numerous studies have delved into the
pharmacological effects of plant extracts enriched with
flavonoids, underscoring the increasing significance
attributed to these flavonoid-rich plant sources, as
noted by Shakeri et al. (2015) and emphasized by Kiziltas
et al. (2022). Consequently, the exploration of VGME's
impact on cellular viability, particularly in the context of

SH-SY5Y cells, becomes a critical focal point in this
research. The assessment of SH-SY5Y cell viability
through MTT analysis revealed a compelling and dose-
dependent response to varying concentrations of VGME
(ranging from 0 to 1000 pg/mL) over different time
intervals (24, 48, and 72 h). Notably, an inverse
relationship  was  observed between VGME
concentrations and treatment duration, leading to a
statistically significant inhibition of SH-SY5Y cell viability
(P< 0.05). The calculated ICso doses for VGME were
found to be 96 pug/mL for 24 h, 50 pug/mL for 48 h, and
10 pg/mL for 72 h, ultimately leading to the selection of
the ICso dose of 50 pg/mL for 48 h as the optimal
condition for subsequent investigations, as depicted in
Figure 1. In a parallel context, Dinani et al. (2020)
explored the cytotoxic properties of various saponin-
and flavonoid-rich fractions derived from V. alceoides, a
member of the Verbascum genus. Their study involved
in vitro assessments using the MTT assay on Hela and
HUVEC cells, revealing a significant and dose-dependent
inhibitory effect on cell proliferation, with components
D, E, and A exhibiting ICso values of 30, 39.8, and 188.6
ug/mL, respectively. Additionally, Garcia-Oliveira et al.
(2022) examined the cytotoxic effects of ethanolic and
infusion extracts from V. sinuatum, one of the
traditional medicinal herbs, against four distinct cancer
cell lines: MCF-7, NCI-H640, Hela, and HepG2. Their
findings demonstrated the pronounced impact of V.
sinuatum on these cancer cell lines, with Glso values
ranging between 101.1 and 172.2 ug/mL for the
ethanolic extract and 59.1 and 92.1 pg/mL for the
infusion extract. In light of these studies, our findings are
consistent with the existing literature, illustrating
VGME's cytotoxic activity against SH-SY5Y cells. It is our
belief that the potent cytotoxicity of VGME against SH-
SY5Y cells can be primarily attributed to its abundant
flavonoid content. Nevertheless, further research (to
investigate the direct effect of flavanoids in VGME, it is
necessary to isolate and purify these compounds from
VGME) is imperative to validate and expand upon this
hypothesis, shedding more light on the precise
mechanisms underlying VGME's cytotoxic effects and its
potential applications in the field of cytotoxicity and
cancer research.
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Figure 1. Effect of different VGME concentrations (0-1000
pg/mL) on cell viability for 24, 48, and 72 h in SH-SY5Y cells. *P
<0.05, compared with the control group.
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In specific contexts, flavonoids have been found to
exhibit a paradoxical propensity towards oxidation, a
phenomenon well-documented in scientific studies. This
dual nature of flavonoids, which can act as both
antioxidants and prooxidants, has been linked to their
ability to induce oxidative stress within cells, particularly
in the context of neoplastic conditions. As highlighted by
Slika et al. (2022), certain flavonoids have the
remarkable capacity to stimulate the accumulation of
reactive oxygen species (ROS) within cells, a process that
can trigger apoptosis and contribute to the reduction of
tumor mass. In the context of our study, flow cytometry
analysis was conducted to investigate the impact of
VGME on intracellular ROS levels in SH-SY5Y cells. Our
results revealed a significant reduction in ROS levels in
the VGME-treated SH-SY5Y cells compared to the
control cells that were not exposed to VGME (P< 0.05),
as depicted in Figure 2 and Table 2. Previous research by
Shi et al. (2015) and Hu et al. (2015) has suggested that
the prooxidative activity of apigenin arises from
mechanisms such as partial glutathione depletion and
inhibition of superoxide dismutase. Similarly, studies by
Jeong et al. (2009), Gibellini et al. (2010), and Lu et al.
(2006) have linked quercetin's prooxidative effects to
the generation of free radicals through participation in
intracellular redox reactions, as well as partial
glutathione depletion and the inhibition of thioredoxin
reductase. Additionally, research by Ferino et al. (2020)
and Zhou et al. (2017) has demonstrated that luteolin
can induce prooxidative activity by activating PI3K
through oxidative stress-induced pathways,
subsequently engaging the Akt/mTOR/p70S6K pathway,
inhibiting Nrf2 and the prosurvival protein Snail, and
activating the proapoptotic Raf kinase inhibitor protein.
In consonance with the existing body of literature, our
findings align well with the prooxidative activity of
VGME, particularly in its ability to elevate ROS levels
within SH-SY5Y cells. We posit that this prooxidative
impact of VGME on SH-SY5Y cells can be attributed to its
substantial flavonoid content. Nevertheless, it is crucial
to emphasize that additional research (to investigate the
direct effect of flavanoids in VGME, it is necessary to
isolate and purify these compounds from VGME) is
required to validate and expand upon this hypothesis,
delving deeper into the specific mechanisms through
which VGME exerts its prooxidative influence and its
potential implications for applications in the context of
oxidative stress and cancer research.
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Figure 2. Effect of 50 pg/mL VGME (48 h) on intracellular ROS
levels in SH-SY5Y cells.

Table 2. Effect of VGME on mean intracellular ROS levels in SH-
SY5Y cells using flow cytometry

Control

192 £ 24
*P <0.05, compared with the control group

VGME

Mean ROS -
1360 + 38

The intrinsic apoptotic pathway, also known as the
mitochondrial pathway, is one of the primary
mechanisms of programmed cell death (Singh and Lim
2022). This pathway is activated in response to
intracellular stress signals such as DNA damage, lack of
growth factors, or oxidative stress (Morana et al., 2022).
At the heart of the intrinsic apoptotic pathway are the
mitochondria. Under intracellular stress conditions, pro-
apoptotic proteins like BAX and BAK permeabilize the
mitochondrial outer membrane (Green, 2022a). This
leads to the release of pro-apoptotic factors from the
mitochondria, such as cytochrome c, into the cytosol
(Lossi, 2022). Once released, cytochrome c interacts
with apoptotic protease activating factor-1 (APAF-1),
resulting in the formation of the apoptosome complex
that activates caspase-9 (Green, 2022b). The activated
caspase-9 subsequently activates caspase-3 and
caspase-7, leading to controlled cell death (Gourisankar
et al., 2023). On the other hand, anti-apoptotic proteins
like BCL2 inhibit apoptosis by preventing the
permeabilization of the mitochondrial membrane
(Cetraro et al., 2022). This balance plays a critical role in
determining whether a cell lives or dies and is a critical
factor in many diseases, especially in cancer (Wan et al.
2022). Therefore, understanding and modulating the
intrinsic apoptotic pathway forms the foundation of
many therapeutic strategies (Singh et al., 2022).

Flavonoids have emerged as potent inhibitors of
numerous signal transduction pathways critical to the
development of cancer, exerting their influence by
disrupting cell viability, angiogenesis, inhibiting distant
tumor spread, and promoting apoptosis, as established
by Abotaleb et al. (2018). In this context, our study
focused on investigating the impact of VGME on the
percentages of viable cells, cells in the early and late
stages of apoptosis, as well as necrotic cells within the
SH-SYS5Y cell line, employing flow cytometry. The results
from our study revealed a significant increase in the
percentage of cells in the early and late stages of
apoptosis, as well as necrotic cells when treated with
VGME in comparison to the control cells that were not
subjected to VGME treatment (P< 0.05), as illustrated in
Figure 3 and Table 3. Building upon these findings,
Srivastava et al. (2016) conducted research on
guercetin, showing that the treatment of cells led to an
increase in early apoptotic cells at 6 and 12 h, while
treatments over longer durations (18, 24, and 48 h)
resulted in a higher percentage of late apoptotic cells.
This observation strongly suggests a promotion of
apoptotic pathways. Cai et al. (2011) reported a
proapoptotic effect of luteolin on A549 cells, as
evidenced by Hoechst 33258 and annexin V-FITC/PI
staining. Flow cytometry analysis revealed a significant
population of apoptotic cells and an increased number
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of cells in the G2 phase. Furthermore, Souza et al. (2017)
investigated the effects of apigenin and found that this
compound displayed a selective cytotoxic effect,
mediating apoptosis in Annexin V-marked Hela, SiHa,
CaSki, and C33A cells, while not affecting the HaCaT
control cells. In accordance with the established
literature, our study aligns with these findings,
demonstrating that VGME has a proapoptotic impact on
SH-SY5Y cells. It is our belief that VGME's proapoptotic
effect against SH-SY5Y cells can be attributed to its
substantial flavonoid content. However, to provide
conclusive evidence, further research (to investigate the
direct effect of flavanoids in VGME, it is necessary to
isolate and purify these compounds from VGME) is
essential to delve deeper into the precise molecular
mechanisms through which VGME induces apoptosis
and to explore its potential applications in cancer
research and therapy.
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Figure 3. Effect of 50 ug/mL VGME (48 h) on live, apoptotic,
and necrotic cells in SH-SY5Y cells.

Table 3. Effect of VGME on live, apoptotic, and necrotic cells
(%) in SH-SY5Y cells using flow cytometry

Type of Cells Control (%) VGME (%)

Live 83.43+5.43 3.13+0.75"
Early apoptotic 2.35+0.96 6.35+3.23"
Late apoptotic 5.68+1.23 89.78 + 7.65"
Necrotic 8.54 +3.54 0.74 £ 0.50"

*P <0.05, compared with the control group

Flavonoids have been recognized for their ability to
promote apoptosis in cancer cells, and this effect is
often associated with their capacity to increase the
generation of mitochondrial reactive oxygen species
(ROS), including superoxide and hydrogen peroxide. This
increase in ROS production is typically followed by the
creation of mitochondrial permeability transition pores
and the subsequent release of cytochrome c (CYCS), a
pivotal event in the apoptosis process, as noted by
Kachadourian and Day (2006). In light of this knowledge,
our study employed flow cytometry analysis to evaluate
VGME's impact on the percentage of intact and
disrupted mitochondria within SH-SY5Y cells. Notably,
VGME led to a substantial increase in the percentage of
disrupted mitochondria in SH-SY5Y cells when compared
to control cells that did not receive VGME treatment (P<
0.05), as visualized in Figure 4 and outlined in Table 4.
Reinforcing our findings, Chen et al. (2014b) reported
that apigenin has the ability to reduce the mitochondrial

membrane potential of gastric carcinoma cells, as
demonstrated through JC-1 staining. Similarly, in an
event reliant on mitochondrial membrane potential,
Shen et al. (2016) revealed that quercetin triggered
apoptosis in cells. Moreover, Chen et al. (2017) observed
that luteolin induced a reduction in mitochondrial
membrane potential, indicating intrinsic apoptosis
mediated by JC-1. Our study aligns with the existing
literature by demonstrating that VGME induces
mitochondrial depolarization in SH-SY5Y cells. It is our
perspective that VGME exerts its activity by causing
mitochondrial depolarization in SH-SY5Y cells, likely
attributed to its enriched flavonoid content.
Nevertheless, further in-depth investigation (to
investigate the direct effect of flavanoids in VGME, it is
necessary to isolate and purify these compounds from
VGME) is essential to validate and expand upon this
hypothesis, unraveling the precise mechanisms through
which VGME induces mitochondrial depolarization and
exploring its potential implications for cancer research
and therapeutic development.
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Figure 4. Effect of 50 pg/mL VGME (48 h) on intact and
disrupted mitochondria in SH-SY5Y cells.

Table 4. Effect of VGME intact and distrupted mitochondria
(%) in SH-SY5Y cells using flow cytometry

Types of Control VGME
mitochondria (%) (%)
Intact 84.76 £ 5.67 57.57 +3.45"
Distrupted 14.97 +4.43 42.25+2.12"

*P <0.05, compared with the control group

Flavonoids have been identified as influential
agents capable of initiating events that lead to cell death
by modulating the apoptotic signaling cascade, as
established by Kopustinskiene et al. (2020). Our study
aimed to elucidate the impact of VGME on SH-SY5Y cells
by assessing its effect on genes involved in the intrinsic
apoptosis pathway through quantitative real-time
polymerase chain reaction (qRT-PCR). The results were
striking, indicating that VGME significantly increased the
expression levels of key apoptotic genes, including BAX,
CASP3, CASP7, CASP8, CASP9, and CYCS, while
simultaneously reducing the expression of the anti-
apoptotic gene BCL2 in SH-SY5Y cells when compared to
control cells that were not exposed to VGME (P< 0.05),
as depicted in Figure 5. Expanding upon these findings,
it's worth noting that luteolin, as reported by Lin et al.
(2008), has been shown to induce DNA damage and
activate p53, thereby promoting the intrinsic apoptosis
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pathway. This is achieved through its ability to impede
the proper functioning of DNA topoisomerases.
Similarly, in a study conducted by Teekaraman et al.
(2019), quercetin was found to promote apoptosis in the
PA-1 cell line by upregulating the expression of key
apoptotic genes, including CYCS, CASP9, and CASP3. This
suggests the activation of caspase-9 and caspase-3 via
the release of cytochrome c from mitochondria, a
process that may be mediated by the intrinsic pathway
due to a reduction in ROS levels and the ensuing
apoptosis. Moreover, apigenin, as reported by Wang
and Zhao (2017), has been shown to enhance apoptosis
by triggering increased intracellular ROS production,
calcium release, mitochondrial membrane damage, and
upregulation of gene expression related to various
apoptotic factors. This cascade of events ultimately
leads to cell apoptosis. In accordance with the wealth of
data within the existing literature, our study
demonstrates that VGME exhibits a pronounced
proapoptotic effect on SH-SY5Y cells. We believe that
VGME's proapoptotic activity on SH-SY5Y cells can be
attributed to its rich flavonoid content. However, it is
imperative to emphasize the necessity for further
research (to investigate the direct effect of flavanoids in
VGME, it is necessary to isolate and purify these
compounds from VGME) to validate and expand upon
this hypothesis, gaining a deeper understanding of the
specific molecular mechanisms through which VGME
induces apoptosis and exploring its potential
applications in the context of cancer research and
therapeutic development. While studies involving plant
extracts provide valuable insights into potential health
benefits or medicinal properties, it's essential to
acknowledge the limitations and complexities
associated with such studies. Researchers often utilize
these initial findings as a springboard for more targeted
investigations to identify and comprehend the specific
compounds responsible for the observed effects.
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Figure 5. Effect of VGME on relative expression levels of genes
involved in the intrinsic apoptosis pathway on SH-SY5Y cells. *P
<0.05, compared with the control group.

Conclusion

In summary, this comprehensive study has
provided compelling evidence that VGME, rich in
flavonoids, plays a pivotal role in the generation of a
significant quantity of reactive oxygen species (ROS).
This surge in ROS levels triggers a cascade of events
within SH-SY5Y cells, including the disruption of

mitochondrial membrane potential (AWM) and
activation of the intrinsic apoptotic pathway.
Consequently, these cellular changes culminate in a
noteworthy reduction in the longevity of SH-SY5Y cells.
The remarkable ability of VGME to use the intrinsic
apoptotic pathway as a mechanism to inhibit cancer
growth has been demonstrated for the first time in this
study, demonstrating its potential as a promising
candidate in the development of new anticancer drugs.
This research underscores the significance of exploring
VGME and its flavonoid content as a potential
therapeutic avenue for combating cancer, further
emphasizing the need for continued investigation and
development in this exciting field of study.
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Introduction

Abstract

The relationship between the microbiota and their functions in the quality and
characteristic flavors of the fermented foods that provide them autochthonous
attributes has been remained elusive, so far. With the demand in elucidating the
microbiota of the autochthonous fermented foods, the characterization of the
shalgam microbiota via culture-dependent and culture-independent methods has
been carried out. To shed light on shalgam microbiota harboring Lactic acid bacteria
(LAB) and yeasts, microorganisms isolated from shalgam have been identified by
culture-dependent methods including 16S rRNA and ITS (Internal Transcribed Spacer)
gene regions sequencing, RAPD-PCR, Rep-PCR, and API CHL50. Culture-independent
characterization methods such as 16S rRNA and ITS meta-barcoding sequencing were
performed to pinpoint the microbial diversity within shalgam. More recently,
bioinformatics and in vitro analysis of bacteria and yeast isolated from shalgam to find
prospective probiotics and elucidate shalgam microbiota dynamics due to the types of
salts used in shalgam production have been reported. In this review, we intend to
collate the data on microorganisms identified via culture-dependent and culture-
independent methods. Taken together, we presented a broad perspective on the
shalgam microbiota and how future endeavors in shalgam microbiota research can
move forward.

Obtained through the fermentation of black carrot
and/or turnip, a member of radish family vegetables,
shalgam has been an autochthonous and unique
fermented beverage for Turkey. According to the
regulatory definition of the shalgam, it contains
fermented black carrot, turnip, salt, sourdough extract,
bulgur flour, and water. Even though shalgam resembles
an Indian fermented drink kanji, the production
methods and microbiota of both beverages differ from
each other (Coskun, 2017; Lamba et al., 2019; Ozdemir
& Giildemir, 2021; Tangiiler et al., 2020).

With black carrot fermentation of LAB and yeast,
shalgam has been manufactured through two different
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methods that are classified as traditional and direct
production methods (Altay et al., 2013; Coskun, 2017;
Tangiler et al., 2022). Traditional shalgam production
has been carried out within two consecutive
fermentation steps, in which both steps simply have
been connected via the use of the water extract from
the first dough fermentation, as a starter culture for the
second fermentation. At the first step of the traditional
fermentation; yeast, bulgur flour, water, and salt are
kneaded to form a dough, and subsequently the dough
fermentation continued for three days. Having
completed the dough fermentation, the extraction to
obtain a water-based liquid that is enriched with yeast
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and LAB is performed by washing the dough three to five
times with water. Chopped black carrot, tap water, and
salt are treated with the water extract from the first
fermentation, and then the second fermentation
commences. The second fermentation lasts for three-
ten days till the final fermented shalgam reaches to its
characteristic flavor and structure (Tangiler et al., 2017,
2022). Considering the long fermentation time and
uncontrolled nature of traditional shalgam production,
the direct production of shalgam was applied. Two
different direct production methods have been utilized
so far: adding 15% of previous batch production to a
new shalgam fermentation batch and the inoculating
baker's yeast as a starter culture into a mix containing
black carrot, turnip, salt, bulgur flour, and water (Canbas
& Fenercioglu, 1984; Tangller & Erten, 2012a). Shalgam
production methods were shown in Figure 1. Shalgam
has been deemed a functional food since it contains
anthocyanin and phenolic compounds that provide
health benefits to humans (Dereli et al., 2015; Ekinci et
al., 2016; Kelebek et al., 2018; Kirca et al., 2007;
Tazehkand & Valipour, 2019; Turker et al., 2004;

the content of bioactive compounds in shalgam (Bayram
et al., 2014). The source of phenolic compounds could
be black carrots used in the shalgam production
(Bayram et al., 2014). That was statistically confirmed by
the correlation between increasing phenolic compounds
with adding more black carrot into shalgam
fermentation (Bayram et al., 2014). In parallel with that,
the size of chopped black carrot affected quantities of
anthocyanin and phenolic composition that were
produced during shalgam fermentation (Tanguler et al.
2014). Grape pomace was added to shalgam
fermentation to increase polyphenolic content and
reveal to what extent grape pomace increased the
ethanol content in shalgam. Up to 50% of grape
pomace-added shalgam’s ethanol did abide by the
legislatively authorized limit of ethanol content in
shalgam, which is 0.5% ethanol (Akbulut & Coklar,
2020).

With respect to the shalgam production process,
anthocyanin and phenolic compound-rich shalgam
might have problems during and after production (Erten
et al., 2008; Karaoglan, 2013; Tangiler et al., 2015); (iii)

Tlrkyilmaz et al., 2012). It was reported that the type of
shalgam production methods affected anthocyanin
quantity and profile in shalgam (Tangiler et al., 2021).
Tanriseven et al. (2020) tested the effects of production
methods on shalgam, resulting in the determination of
seven different anthocyanins in shalgam. 235.76 mg/L
anthocyanin in shalgam was produced by the direct
production methods, and 185.26 mg/L was produced by
the traditional production methods (Tanriseven et al.,
2020). Phenolic compounds and anthocyanins were
affected by newly proposed shalgam process steps such
as pasteurization and depectinization for the
clarification of fermented black carrot juice to obtain a
clear visual of the final product of shalgam fermentation
(Dereli et al., 2015). In traditionally produced shalgam
samples that contained 16 different phenolic
compounds, the amount of phenolic compounds was
higher at the end of the second fermentation as
compared to the first stage of shalgam fermentation
(Toktas et al., 2018). It was reported that the phenolic
compounds and anthocyanins of the shalgam
fermentation was affected not only by production
methods, but also the materials used in shalgam altered

Black
carrot

Yeast

Water

S—

Salt

2" fermentation
for 3-10 days

Bulgur
flour

Water

= Water
extract

== Shalgam

1** dough
fermentation for 3
days

15% of
previous
shalgam
batch

the lack of widely-used starter culture for traditional
shalgam production; (iv) the absence of optimum
process conditions aiming quality improvement and/or
shelf life extension (Demir et al., 2006; Erten et al., 2008;
Ozdemir-Alper & Acar, 1996). Apart from those
problems, manufacturing standard fermented food
products is an issue to overcome for transitioning from
the traditional production of autochthonous fermented
foods to their industrial production (Materia et al.
2021). Although the standardization problem for
shalgam production has not been reported in previous
studies, traditional and direct production pose risks for
industrial shalgam production as they are not optimized
in terms of process inputs and conditions. Process
conditions, microbiota, and shalgam ingredients have
been considered to impact the end product of shalgam
fermentation (Erten et al., 2008). Shalgam microbiota
contributes to shalgam quality and flavors by
assimilating and metabolizing available carbon sources
such as sucrose, glucose, and fructose during the
fermentation. In exchange of carbon source by the
resident microbes in shalgam, the microbiota generates
not only aroma compounds but also organic acids
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Figure 1. Process methods of the shalgam production methods. A) traditional shalgam production and B) direct shalgam production.
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including lactic acid, acetic acid, citric acid, propionic
acid, and succinic acid. The overall microbial community
in shalgam entails ethanologenic yeast and LAB,
resulting in main fermentation products as lactic acid
and the trace amount of ethanol (Ekinci et al., 2016;
Ulucan, 2019). Despite the presence of yeasts in
shalgam, LAB-dominance in the shalgam microbiota has
been reported (Agirman & Erten, 2018; Demir et al.,
2006; Erginkaya & Turhan, 2016; Ozer & Coksoyler,
2015; Tanguler & Erten, 2012a). It was indicated that the
microbial load of LAB in shalgam microbiota has been
influenced by pH, fermentation temperature, salt type
and quantity, and black carrot size and quantity (Okcu et

microbiota, resident, and intact microorganisms in
shalgam can be reproduced under the metabolic and
physiological requirements provided in the culture
medium. Up to now, for the microbial identification of
LAB isolated from shalgam microbiota, the culture-
dependent characterization methods such as API 50 CHL
test, 16S rRNA gene sequencing, Randomly Amplified
Polymorphic DNA-Polymerase Chain Reaction (RAPD-
PCR), and Repetitive element sequence-based
Polymerase Chain Reaction (Rep-PCR) were utilized
(Agirman et al., 2021; Arici, 2004; Baser et al., 2012;
Erginkaya & Hammes, 1992; Kafkaskiray, 2020; Mete et
al., 2017; Tangller & Erten, 2012a, b ; Tangiler et al.,

al., 2016: Tangiler & Erten, 2013). It was also reported
that altering shalgam content by adding ayran, which is
a water-added yogurt drink, increased the number of
Streptococcus colonies after 7 days of storage at 4 'C as
compared to the non-added shalgams (Uzay et al.,
2021).

Shalgam’s characteristic flavors and aroma
compounds could be attributed to the contingency of
shalgam microbiota, urging researchers to elucidate the
microbial diversity of shalgam through microbial
characterization methods. Hitherto, culture-dependent
(RAPD-PCR, Rep-PCR, API CHL50, ITS gene sequencing,
and 16S rRNA gene sequencing) and culture-
independent (16S and ITS metabarcoding) microbial
characterization methods have been deployed in Figure
2. This review was intended to provide insights gained
from the shalgam microbiota research for deeper
understanding of the microbial diversity in shalgam.
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Figure 2. Schematic representation of shalgam microbiota
characterizations.

Culture-dependent microbial characterization of
shalgam microbiota

The studies on elucidating the microbial community of
sourdough revealed that LAB has more diversity than
yeasts in sourdough. As a result of that, LAB
outperformed yeast in terms of the contribution to
generating aroma compounds and improving shelf life
stability (Gobbetti et al., 2016; Minervini et al., 2019).
Thus, LAB diversity is of great importance for shalgam
due to the use of the LAB-rich water extract that is
obtained from the dough fermentation at the beginning
of traditional shalgam production (Erten et al., 2008). In

the culture-dependent characterization of shalgam

2014).

APl 50 CHL was used to identify LAB and related
genera. Incubated in Man Rogosa Sharpe (MRS)
medium, isolated microorganisms were put into API 50
CH test kits that harbor 49 carbohydrates. In microbial
fermentation of carbohydrates located in APl 50 CH test
kits, acids produced after microbial fermentation would
change the pH of strips so that the color in strips shifts
to indicate the occurrence of microbial fermentation.
The color pattern created by microbial fermentation
helps identify isolated microorganisms at the species
level (Schilinger & Liicke, 1987). The first microbial
isolation from shalgam was carried out in traditionally
produced shalgam samples, identifying
Lactiplantibacillus plantarum, Levilactobacillus brevis,
and Limosilactobacillus fermentum as isolated LAB. The
identification was initially performed by inspection of
the color of colonies, cellular morphologies, and finally
by performing the API 50 CH test (Erginkaya & Hammes
1992). In another microbial isolation effort, Arici (2004)
found that Lacticaseibacillus paracasei subsp. paracasei,
and L. plantarum were dominant microorganisms in
shalgam.

11 LAB species from 135 microorganisms isolated
from commercial shalgam samples were identified via
API CHL 50 test. Except for one shalgam sample, among
isolated LAB species L. plantarum, L. brevis, and
Leuconostoc mesenteroides subsp.
mesenteroides/dextranicum were always present
(Tangiiler & Erten, 2012c). Accordingly, the same group
showed that L. plantarum was the dominant LAB species
in shalgam (Tangller & Erten, 2012b, 2012c). To
ascertain the shalgam microbiota alterations during
traditional production, microbial isolation was
performed for two stages of fermentation. It was found
that although Lactobacillus  delbrueckii  subsp.
delbrueckii, Leuconostoc mesenteroides subsp. cremoris,
Leuconostoc mesenteroides subsp. mesenteroides, and
Pediococcus pentosaceus were isolated at the first stage
of the traditional production, they vanished at the end
of the second fermentation (Tangliler & Erten, 2012b).
Aiming to choose the appropriate starter cultures for
shalgam production, commercial and lab-made shalgam
samples were subjected to culturing and 447 candidate
strains for starter cultures were obtained. Having
evaluated the strains in the face of hurdles that might




Biotech Studies 33(1), 13-22

16

occur during shalgam production, 18 strains identified
via APl 50 CHL test were potential starter cultures. L.
plantarum, L. paracasei subsp. paracasei, P.
pentosaceus, L. delbrueckii subsp. delbrueckii, L.
mesenteroides subsp. mesenteroides/dextranicum,
Limosilactobacillus fermentum, Lactococcus lactis, L.
penthosus, and Lentilactobacillus buchneri were
identified species among 18 strains (Tangller & Erten,
2013). Previously, Tangiler & Erten (2013) isolated
three LAB species (L. plantarum, L. paracasei subsp.
paracasei, and L. fermentum). They were separately
utilized as a starter culture for shalgam production.
When L. plantarum was used for the shalgam
production as a starter culture, the highest amount of
volatile organic compounds was generated in shalgam
samples (Tangiler et al., 2017). From 42 commercial
shalgam samples, 21 LAB with phenolic acid
decarboxylase activity were identified via APl 50 CHL
test. L. mesenteroides subsp.
mesenteroides/dextranicum, L. plantarum, P.
pentasaceus, L. acidophilus, and L. helveticus were
identified LAB species, L. plantarum was the most
isolated and identified LAB at about 28.57% of all
isolates among isolated strains (Okcu et al., 2016).
Traditionally produced shalgams were kept for five days
at 25 'C after the second fermentation to trace the
source of biogenic amines found in shalgams. In the
study, LAB isolation was performed during the second
fermentation. API 50 CHL test-based characterization of
traditionally produced shalgam samples demonstrated
Lactobacillus subsp. (51 strains), Lactococcus subsp.
(three strains), Streptococcus subsp. (one strain), and
Leuconostoc subsp. (one strain) that can generate
biogenic amine putrescine during the fermentation
(Mete et al., 2017). Erginkaya and Turhan (2016)
isolated ten bacteria and ten yeasts from two stages of
traditional shalgam fermentation. The result of the
identification of isolated bacteria that was applied onto
APl 50 CHL test strips indicated L. plantarum and L.
pentosus as isolated LAB; Saccharomyces cerevisiae and
Candida krusei as isolated yeasts in shalgam samples.
16S rRNA gene sequence-based identification of
bacteria has been widely used as the gold standard. 16S
rRNA gene of bacteria contains different vector regions
that has different gene sequence. The variation within
these vector regions that can be different from bacteria
to bacteria makes 16S rRNA gene sequencing a nascent
identification method for stratification (Weinroth et al.
2022). The very first culture-dependent characterization
of shalgam based on 16S rRNA gene sequencing was
reported L. casei, L. plantarum, L. plantarum subsp.
argentoratensis, L. acidophilus, L. brevis, L. helveticus, L.
paracasei subsp. paracasei, L. paracasei subsp. tolerans,
L. parabrevis, L. reuteri, L. delbrueckii subsp. lactis, L.
delbrueckii subsp. delbrueckii, L. delbrueckii subsp.
indicus, L. gasseri, and L. sharpeae as LAB from shalgam
(Baser et al., 2012). The effects of production methods
and using starter cultures (L. plantarum, L. fermentum,
and L. paracasei subsp. paracasei) on shalgam

microbiota were sought in another study (Tangller et
al., 2015). The microbial isolation was carried out for
laboratory-made shalgams, and samples were collected
at the beginning and the end of the fermentation. of 38
isolated LAB, nine species including L. mesenteroides
subsp. mesenteroides, L. plantarum, P. pentosaceus, L.
casei, Lactobacillus sp., L. buchneri, Ln. parabuchneri, L.
brevis, and L. pentosus were found in the study.
Regardless of the production methods used in the study,
it was interesting to note that even though P.
pentosaceus and L. mesenteroides subsp. mesenteroides
were present at the beginning of the fermentation,
those strains were not found at the end of the
fermentation (Tanguler et al., 2015). 21 LAB strains
isolated from commercial shalgams were characterized
through species-specific PCR, and then their
stratifications were further confirmed by 16S rRNA gene
sequencing. L. plantarum, L. plantarum subsp.
argentoratensis, L. casei, L. paracasei subsp. paracasei,
L. sharpeae, L. brevis, L. parabrevis, L. reuteri, L.
delbrueckii  subsp. lactis, L. delbrueckii subsp.
delbrueckii, L. delbrueckii subsp. indicus, L. helveticus, L.
gasseri, and L. acidophilus were reported in commercial
shalgam samples (Ekinci et al., 2016).

60 isolated bacteria from shalgam and gilaburu
were initially characterized by Fourier Transform
Infrared (FTIR) to determine whether the isolates did
belong to LAB or not. Having determined that 41 out of
60 isolated bacteria did belong to the Lactobacillus
genera, 16S rRNA gene sequencing was performed for
LAB isolated from shalgams and gilaburu. L. plantarum,
L. fermentum, and L. pentosus were the three main
strains identified in shalgams (Akman et al., 2021).

Yeasts, a part of the shalgam microbiota, have
been isolated from shalgam samples as well. A study was
conducted to identify yeasts and bacteria during the
shalgam fermentation. Two-stage identification process
was geared towards identifying 110 bacteria and 36
yeast isolated from traditionally produced shalgams.
Initially, Rep-PCR with (GTG)s primers facilitated the
identification of isolated microorganisms. Then, 16S
rRNA and 26S gene sequencing were carried out for the
identification of bacteria and yeast species, respectively.
As indicated in the study, L. plantarum and S. cerevisiae
were the only isolated strains at the end of the dough
fermentation of traditionally produced shalgams. L.
plantarum, L. brevis, L. lactis, Bacillus circulans, Pantoea
agglomerans, Staphylacoccus pasteuri, L.
mesenteroides, Paenibacillus cucumis, Micrococcus
yunnanensis, and Staphylococcus hominis as bacteria; S.
cerevisiae and Pichia kudriavzevii as yeasts were
identified in shalgams (Kafkaskiray, 2020).

Kahve et al. (2022) performed yeast isolation and
identified yeasts through Inter-priming binding sites
(iPBS) retrotransposon marker system and ITS gene
sequencing. iPBS retrotransposon marker system has
been proposed to characterize yeasts, previously (Aydin
et al.,, 2020;ibrahim et al., 2022). In this system,
transposons, which are mobile and short DNA
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fragments, are in different regions of the organisms’
genome for adaptation to the environment and
resistance to stressors. Transposons cause alterations in
the genome, supporting organisms™ phenotypical
adaptation to any stressors in the living environment.
Retrotransposons, a class of transposons, has been
inserted a DNA fragment into the genome, in which the
insertion is mediated by RNA. Therefore, the way of
genomic DNA insertions (retrotransposons) would help
organisms uphold a higher copy number of insertion
DNA in the genome, enabling genetic diversity within
yeasts (Boeke & Devine, 1998). By PCR-based
amplification of inter-priming binding sites (iPBS)
retrotransposons in the yeast genome, the identification
of isolated yeasts has been carried out by Aydin et al.
(2020). Similar to the 16S gene region, ITS (Internal
Transcribed Spacer) gene sequencing has been carried
out to identify isolated yeasts. With the help of iPBS
system and confirmation by ITS gene sequencing, 172
yeasts isolated from shalgam samples were stratified.
The sampling for shalgam characterization was
performed at four different fermentation time periods
(0,7,14, and 21 days) of four different commercial
shalgams produced using traditional and direct
methods. Pichia kudriavzevii, Saccharomyces cerevisiae,
Pichia fermentans, Candida oleophila, Kazachstania
bulderi, and Geotrichum candidum as yeasts were
identified via iPBS. In the study, Pichia yeast was
reported to be the most isolated yeasts at 77.9% of 172
isolated yeasts (Kahve et al., 2022).

Culture-independent microbial characterization of
shalgam microbiota

Culturing the microbiota of fermented food might
not be enough to reproduce the full spectrum of
microbial diversity. The microbiota consists of a variety
of cell types and states, such as intact, viable, non-
viable, autolyzed cells, and cell lysates. In culture-
independent characterization, it is likely to identify
those cells within the microbial community of a
fermented food (Carraro et al., 2011). Ekici et al. (2022)
conducted the very first and the only culture-
independent characterization of traditionally fermented
shalgam microbiota. Towards that end, the microbial
diversity in shalgam that is traditionally produced was
investigated by taking samples from six time points (3,
7,10, 13, 17, and 20 days) during 20 days of the second
fermentation. The bacterial identification without
microbial isolation was performed via DNA extraction
and PCR amplification of 16S rRNA V4-V5 vectors. For
yeast identification in shalgam samples, the ITS2 gene
from extracted DNA extracts was amplified via PCR.
After PCR-amplified DNA samples were sequenced,
Candida boidinii, and Saccharomyces cerevisiae, L.
mesenteroides and L. lactis were reported as dominant
yeast and bacteria species, respectively (Ekici et al.
2022). On the contrary to the culture-independent
characterization of shalgam samples, in the culture-
dependent characterization of shalgam, Arici (2004)

pointed out L. plantarum and L. paracasei subsp.
paracasei as dominant LAB species. To the best of our
knowledge, never have 13 LAB species and 15 yeasts
found in this study been reported in shalgam,
previously. It is also interesting to note that even though
Weisella species have never been reported in culture-
dependent characterization of shalgam, the culture-
independent characterization of shalgam demonstrated
Weisella presence in shalgam microbiota for the first
time. As compared to the culture-dependent
characterization of shalgam microbiota, Pichia and
Lacticasei group bacteria including L. paracasei, L.casei
were not found in the metabarcoding analysis (Ekici et
al., 2022). Through the metagenomic analysis of
shalgam samples, 35 bacteria and seven yeasts were
found at the end of shalgam fermentation. With the help
of culture-independent characterization of shalgam
samples, it was found that the bacterial diversity in
shalgam fluctuated dynamically during the fermentation
while yeast diversity in the microbiota remained less
fluctuated as compared to bacterial species (Ekici et al.
2022). At Table 1, the identified LAB and yeast species
were collated and classified as culture-dependent and
culture-independent characterizations of shalgam
samples microbiota so that it can be inferred that
characterization methods might lead to the
identification of different microorganisms in shalgam.

Bioinformatic analysis of whole genome sequenced
LAB isolated from shalgam

Having resilience in dealing with harsh conditions
of gastrointestinal transit and the capability to bind
intestinal mucosa, probiotics confer health benefits
(Gumustop & Ortakci, 2022). Isolated microorganisms
from shalgam might carry probiotic traits and be robust
under the gastrointestinal conditions. In vitro assays of
isolated Pichia kudriavzevii (Gumustop & Ortakci, 2022),
L. plantarum subsp. plantarum W2, L. fermentum
Akhavan E3, and L. Pentosus XL963 (Akman et al., 2021)
were carried out to vet the probiotic traits of isolated
microorganisms. Recently, three isolated LAB strains’ (L.
plantarum DY46, Liquorilactobacillus nagelii AGA58, and
L. fermentum AGA52) genomes were sequenced and
genomic data were evaluated in silico (Yetiman et al.
2022, 2023; Yetiman & Ortakgl, 2023). For L. fermentum
AGAS5?2 isolated from shalgam, in silico analysis of the
probiotic traits, carbohydrate utilization capacity,
bacteriophage resistance, antioxidant capacity, and in
vitro analysis of the ability of cholesterol degradation,
and gamma amino butyric acid (GABA) producing
capability were appraised.

On the basis of the results obtained from in silico
and in vitro assays, the ability to utilize cholesterol and
produce GABA corroborated that L. fermentum AGA52
had probiotic attributes (Yetiman et al., 2023). In line
with that, as a result of bioinformatic analysis of L.
plantarum DY46 genome isolated from shalgam,
antibiotic resistance genes were present in its genome.
Moreover, its genome consisted of a plantaricin-
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Table 1. The list of LAB and yeasts identified based on culture-dependent and culture-independent microbial characterization

methods

Culture-dependent microbial identification

Lactiplantibacillus plantarum, Limosilactobacillus fermentum?*, Lacticaseibacillus
paracasei subsp. paracasei*, Lacticaseibacillus casei*, Lacticaseibacillus paracasei
subsp.tolerans*, Levilactobacillus brevis, Lactiplantibacillus plantarum subsp.
agentoratensis*, Lentilactobacillus buchneri*, Lentilactobacillus parabuchneri*,
Pediococcus pentosaceus*, Leuconostoc mesenteroides, Lactococcus lactis,
Lactobacillus coryniformis*, Lactobacillus delbrueckii subsp. delbrueckii*,
Leuconostoc mesenteroides subsp. jonggajibkimchii*, Lactiplantibacillus
paraplantarum*, Liquorilactobacillus nagelii* and Lactiplantibacillus pentosus*
Saccharomyces cerevisiae, Candida krusei, Pichia kudriavzevii*, Pichia

Yeasts fermentans*, Candida oleophila*, Kazachstania bulderi* and Geotrichum

LAB

candidum*

Culture-independent microbial identification

Leuconostoc mesenteroides, Lactococcus lactis, Leuconostoc
pseudomesenteroides*, Leuconostoc inhae*, Weissella confusa*, Lactococcus
raffinolactis*, Leuconostoc kimchii*, Leuconostoc lactis*, Lactiplantibacillus

LAB based on Meta-barcoding metagenomics analysis

plantarum, Lactococcus piscium*, Weissella soli*, Levilactobacillus brevis,

Lactobacillus curvatus*, Lactococcus garvieae*, Leuconostoc fallax*,
Liquorilactobacillus nagelii, Lactobacillus paracollinoides* and Lactobacillus
paracollinoides*

Saccharomyces cerevisiae, Candida Bodinii*, Wickerhamomyces anomalus*,
Rhodotorula mucilaginosa*, Barnettozyma californica*®, Trichosporon

Yeasts based on Meta-barcoding metagenomics
analysis

coremiiforme*, Typhula ishikariensis*, Naganishia albida*, Rhodotorula glutinis*,
Meyerozyma guilliermondii*, Trebouxia sp. *, Acremonium antarcticum*,

Sporidiobolus salmonicolor*, Candida humilis*, Malassezia restricta* and
Rhodotorula diobovata*

Strains with asterisk (*) indicate that the isolated species were only found in the characterization methods used in the table.

producing gene cluster, except for the gene that can
produce PIn J peptide (Yetiman et al., 2022). The same
group reported that they managed to isolate
Liquorilactobacillus  nagelii  from shalgam. The
Liquorilactobacillus  nagelii AGA58 genome and
probiotic traits have been evaluated in silico and in vitro.
As a result of bioinformatic analysis on the
Liquorilactobacillus nagelii AGA58 genome,
Liquorilactobacillus nagelii AGA58 carried an A2
lantipeptide producing gene (Yetiman & Ortakci, 2023).
In the light of in vitro and in silico analysis of shalgam-
originated LAB that might confer probiotic traits, it can
be purported that shalgam might be considered as a
probiotic beverage.

The effect of different salts on the shalgam microbiota

The mineral content of shalgam determined by
Inductively Cold Plasma (ICP) analysis has been reported
in the published literature (Agirman et al., 2021; Demir
et al., 2004; Ozdemir-Alper & Acar, 1996; Yilmaz-Ersan
& Turan, 2012). Minor and major elements in shalgam
have been found via ICP-OES (Inductively Cold Plasma-
Optical Emission Spectrometry) analysis. In terms of
abundance and detectability in shalgam samples, Na, K,
Ca, Mg, and P were considered as major elements while
minor elements were indicated as Fe, Cu, Zn, Ni, Mn, Pb,
and Sn (Yilmaz-Ersan & Turan, 2012). When Aspergillus
aculeatus Pectinex Ultra SP-L enzyme and citric acid
were added into the shalgam fermentation, ICP analysis
demonstrated shalgam samples treated with the
enzyme and citric acid contained Na, K, Ca, Mg, and Fe
elements. Also, the highest Mg levels in shalgam
samples were archived when Pectinex Ultra SP-L

enzyme and citric acid were present during the
fermentation (Demir et al., 2004).

To lower the sodium chloride (NaCl) concentration
in shalgam, when 1.5% NaCl was used, shalgam was
prepared with black carrot juice concentrate and whey
was the most appealing in the sensorial evaluation of
shalgams (Guven et al., 2019). In the face of the health
hazards of excessive salt consumption, it has been
targeted to reduce salt content and/or substitute table
salts with other salts used in shalgam production
(Agirman & Erten, 2018, Agirman et al., 2021; Giiven et
al., 2019). Such actions to overcome health concerns
related to NaCl reduction might lead to alterations in the
aroma profile of fermented food as exemplified in
cheese (Brandsma et al., 2022). The sodium salts used in
the fermentation of shalgam were replaced with
calcium and potassium salts and following that the
effect of the salts on the microbiota of shalgam was
investigated through culture-dependent
characterization of shalgam samples. The highest
amount of LAB was found when NaCl and potassium
chloride (KCI) were used together in shalgam
production. It has also been observed that different
salts did not have any effect on the number of LAB
colonies in the dough fermentation of shalgam.
However, a decrease of 2 log CFU/mL in the total
number of mesophilic aerobic bacteria was observed in
all salts during shalgam fermentation (Agirman & Erten
2018). In the following study of the same group, shalgam
samples totally containing 1.5% chloride salts prepared
with  KCl+CaCl2  (50%+50%) and KCl+CaCl2+NaCl
(33.3%+33.3%+33.3%) salt mixes were culture-
dependently characterized. The stratifications in the
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study were first performed by RAPD-PCR to sort out LAB
among isolates and followed by 16S rRNA gene
sequencing. L. paracasei was found in the water extract
from the first fermentation and eight-day fermented
shalgams prepared with NaCl+KCl (50%+50%),
NaCl+CaCl> (50%+50%), and NaCl+KCl+CaCl2
(33.3%+33.3%+33.3%) salt mixtures, indicating that L.
paracasei was the most persistent strain found through
shalgam production. L. paracasei was identified
throughout the fermentation in the presence of CaCl;
and KCl while the shalgam fermentation with NaCl salt
did not help L. paracasei remain in the second and the
fourth day of shalgam fermentation. Throughout the
shalgam fermentation prepared with KCIl+CaCl:
(50%+50%) and NaCl+KCl+CaCl> (33.3%+33.3%+33.3%)
salt mixtures, L. lactis isolated from shalgams was the
most persistent strain. It was interesting that L.
pentosus and L. coryniformis were isolated when only
NaCl (100%) salt was used in the shalgam fermentation
(Agirman et al., 2021).

Even though the types of salts™ effects on shalgam
microbiota were elucidated through culture-dependent
characterization of shalgams made with different salts
and salts mixtures, little did we know how other mineral
contents of shalgam would alter shalgam microbiota
throughout the fermentation.

Conclusion

In culture-based characterization of shalgam, the
isolation of LAB has been the focal point. With the help
of ever-growing state-of-art technologies such as next-
generation sequencing Nanopore and PacBio, and
MALDI-TOF-MS as a phenotype-based identification
method, more comprehensive microbiota
characterization of shalgam can be applied in the future.
The structure-function relationship in a fermented food,
which shows the contribution of microorganisms to the
production of compounds generated during
fermentation, has not yet been fully exploited in
shalgam. Recently, research on unraveling which
microorganisms can produce which aromatic
compounds has been carried out through co-occurrence
and network analysis in fermented foods (Wang et al.,
2019; Wu et al., 2022). Also, finding the core microbiota
of autochthonous fermented foods has accelerated the
development of autochthonous starter cultures (Wu et
al., 2022). Also, experimental studies intertwining the
production of aroma components and the microbiota in
shalgam have not been conducted yet. By conducting
metagenomic analysis and in silico analysis of the
metagenomic data, it will be possible to reveal which
microorganisms in shalgam can produce anthocyanins,
aroma components, phenolic compounds.
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Introduction

Iron (Fe) is an important nutrient for plant growth

Abstract

Plants utilize two main strategies for iron (Fe) uptake from the rhizosphere. Strategy-I is
based on the reduction of ferric (Fe3*) to ferrous (FeZ*) iron by ferric chelate reductase
(FCR) and is mainly observed in dicots. Strategy-Il utilizes the complexation of Fe3* with
phytosiderophores secreted from the plant roots and mainly evolved in Gramineous
species, including barley (Hordeum vulgare). Recent studies suggest that some species
use a combination of both strategies for more efficient Fe uptake. However, the
preference of barley for these strategies is not well understood. This study investigated
the physiological and biochemical responses of barley under iron deficiency and
examined the expression levels of the genes involved in Strategy-l and Strategy-I|
mechanisms in the roots. Fe deficiency led to decreased root and shoot lengths, fresh
and dry weights, and Fe accumulation in the roots. Parallel to the chlorosis observed in
the leaves, FCR activity and rhizosphere acidification were also significantly reduced in
the roots, while the release of phytosiderophores increased. Furthermore, Strategy-Il
genes expressed higher than the Strategy-I genes in the roots under Fe deficiency. These
findings demonstrate that Strategy-Il is more activated than Strategy-I for Fe uptake in
barley roots under Fe-deficient conditions.

Dicots such as Arabidopsis thaliana mainly use a

and development because it functions as a cofactor for
enzymes involved in important biochemical pathways
such as DNA and chlorophyll biosynthesis. Fe deficiency
leads to interveinal leaf chlorosis, a decrease in leaf and
root biomasses, and yield losses (Nikolic & Pavlovic,
2018). Although iron is sufficiently found in the soail,
plants cannot easily absorb it from the rhizosphere in
the bioavailable form since it makes a complex with
chelates easily in the soil (Lindsay & Schwab, 1982). This
is a big problem, especially for crops grown in alkaline
soils because the increase in soil pH decreases the
solubility of iron.

Two different mechanisms are evolved in plants for
the uptake of iron into the roots (Aksoy et al., 2018).

Published by Field Crops Central Research Institute (FCCRI) Ankara, Turkey

mechanism based on the reduction of ferric iron (Fe3")
to ferrous iron (Fe?*) (Strategy-l). In this mechanism,
local acidification is performed by first releasing protons
into the rhizosphere by H*-ATPase (AHA) transporters
located in the root epidermis (Santi & Schmidt, 2009).
Subsequently, Fe3* is reduced to soluble Fe?* by an
oxidoreductase named ferric chelate reductase
(FCR/FRO) (Jeong & Connolly, 2009). Finally, Fe?* ions
are taken into the root epidermis via a metal transporter
called IRON-REGULATED TRANSPORTER1  (IRT1)
(Connolly et al., 2002). The genes involved in Strategy |
are upregulated under iron deficiency (Kobayashi &
Nishizawa, 2012). In addition to Fe?*, IRT1 can transport
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other divalent metals, including zinc (Zn?*) and
manganese (Mn?*), and their concentrations increase
dramatically in roots and shoots when plants are
exposed to Fe deficiency (Vert et al., 2002).

Gramineous plants such as barley (Hordeum
vulgare) mainly use a chelation-based mechanism
(Strategy-1l) (Martin-Barranco et al., 2021). Within this
mechanism, plants produce various phytosiderophores
(PS) through the sulfur assimilation pathway. In PS
production, firstly S-adenosyl-L-methionine (SAM) is
converted to nicotianamine (NA) by NICOTIANAMINE
SYNTHASE (NAS), then NA is converted to 3'-keto acid by
NICOTIANAMINE AMINOTRANSPHERESE (NAAT), and
finally, 3'-keto acid is converted to 2'-deoxymugineic
acid (DMA) by DEOXYMUGINEIC ACID SYNTHASE
(DMAS). DMA is converted to mugineic acid (MA) by
IRON DEFICIENCY SPECIFIC CLONE3 (IDS3), which
functions as a dioxygenase in barley roots (Kobayashi et
al., 2001). Nine MAs have been identified so far in rye
and barley (Bandyopadhyay & Prasad, 2021). They are
released from plant roots to the rhizosphere as PS via
TRANSPORTER OF MA1 (TOM1) (Nozoye et al., 2011),
forming a complex with insoluble Fe3* in the soil, and
then they are taken up into the root epidermis by
specific oligopeptide transporters such as YELLOW
STRIPE1 (YS1) in Zea mays and YELLOW STRIPE-LIKE15
(YSL15) in Oryza sativa (Aksoy et al., 2018; Rai et al.,
2021). Similar to IRT1 in nongraminaceous plants, Z
mays YS1 serves as a major entry point for metals,
utilizing the PS precursor NA to transport both beneficial
(Fe?*) and potentially hazardous (Fe3*, Zn?*, Mn?*) ions
into the plant (Murata et al., 2006).

Previous studies showed that O. sativa IRT1 and
IRT2 were induced in the roots under Fe deficiency
(Ishimaru et al., 2006; Walker & Connolly, 2008). Similar
results were also shown in Z. mays, where IRT1 and IRT2
were upregulated by Fe deficiency in the roots (Li et al.,
2013; Li et al., 2022), and Triticum aestivum, where
FRO2-2A and IRT1a-4A were highly upregulated under
Fe deficiency (Hua et al.,, 2022). Opposite to these
results, the expression of ZmIRT1, Sorghum bicolor IRT1
and Triticum polonicum IRT1A, and IRT1B were not
altered by Fe deficiency in maize (Wairich et al., 2019),
sorghum (Wairich et al., 2019) and wheat (Jiang et al.,
2021), respectively. The inconsistent upregulation of IRT
transporters across Gramineae suggests a fundamental
ambiguity: is Strategy-l truly ubiquitous within this
clade, or does its deployment remain an enigmatic,
species-dependent phenomenon? To unravel this
ambiguity in barley (Hordeum wvulgare L.), a
comprehensive approach was employed, examining the
physiological, biochemical, and molecular aspects of
barley under Fe deficiency, focusing specifically on
transporter expression levels. This study was designed
to elucidate whether barley utilizes both Strategy-l and
Strategy-Il, or exhibits a species-specific reliance on one
strategy over the other.

Materials and Methods

Plant material

Seeds of the Turkish barley cultivar Tarm-92 were
obtained from the Bahri Dagdas International
Agricultural Research Institute, Turkey. Developed in
1992 by the Field Crops Central Research Institute,
Tarm-92 is a medium-early barley cultivar with high
tillering capacity, resistance to lodging, drought, salinity,
and high temperature (Benlioglu & Ozkan, 2015; Dogru
et _al., 2020). While sensitive to lead and selenium
(Dogru, 2019; Cakir, 2007), it exhibits tolerance to boron
toxicity (Torun et al., 2002; Oz, 2012; Catav et al., 2023)
and Zn deficiency (Erenoglu et al., 2000). Despite
sensitivity to Fe deficiency (Erenoglu et al., 2000), Tarm-
92's molecular responses under this stress were
unstudied, leaving its preferred Fe uptake strategy from
the rhizosphere unknown.

Plant growth and stress application

For surface sterilization, barley seeds were shaken
in a solution containing 3% sodium hypochlorite (Sigma)
and 0.05% Tween-20 (Sigma) for 20 minutes and were
washed five times with sterile distilled water. For
germination, the seeds were placed in plastic Petri
dishes containing sterile filter papers moistened with 3
mL of half-strength (1/2) Hoagland’s nutrient solution
(Hoagland & Arnon, 1950) at 22 + 2 °C in a growth
chamber for 2 days in the dark under 70% relative
humidity. While preserving root integrity, the pre-
germinated seedlings were meticulously positioned
through a cheesecloth membrane atop 150 mL plastic
containers (diameter: 10 cm) containing 1/2 Hoagland’s
nutrient solution (pH 5.8) supplemented with 50 uM
Fe3*-EDTA (Sigma) sufficient for barley growth. The
plants were grown in a growth chamber at 22 + 2 °C for
7 days under 70% relative humidity, on a 16-hour light
(300 umol m? s*) and 8-hour dark cycle. The nutrient
solution was regularly renewed every 24 hours to
maintain consistent nutrient availability and prevent
oxygen depletion. The experiment was carried out in 6
repetitions (plastic containers) according to the
randomized block design, where 5 plants were grown in
each container. Container positions were randomized
daily using a random number generator to minimize
environmental effects and maintain consistent growth
conditions.

Stress treatment was carried out 7 days after the
plants were transferred to the containers. For iron
deficiency, Fe3*-EDTA was not added to the nutrient
solution; instead, a Fe chelator, 300 uM FerroZine (3-(2-
Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p’-disulfonic acid
monosodium salt hydrate - Sigma), was added to
remove all potential iron from the nutrient solution
(Aksoy et al., 2013). Control groups were grown in fresh
nutrient solution containing 50 pM Fe3*-EDTA. On the
fifth day following the stress application, relevant
physiological, biochemical, and molecular analyses were
performed on barley seedlings.
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Physiological measurements

Following the stress application, the root and shoot
lengths of the plants were measured with the help of a
ruler and recorded. Measurements were made with a
total of thirty plants in six containers for each of the Fe-
sufficient (control) and Fe-deficient (stress) media.
Chlorophyll index was determined by the Soil Plant
Analysis Development (SPAD) measurements (SPAD-502
Plus, Konica Minolta, Japan) from the first fully
developed leaves. Next, the roots and shoots of the
plants were separated, their length was measured with
a ruler and their fresh weights were recorded. Then, the
tissues were dried in an oven at 65 °C for 24 hours and
their dry weights were recorded. All physiological and
biochemical analyses were made with 15 plants in three
containers for each Fe-sufficient and Fe-deficient media
except for the length measurements, which were taken
from 30 plants, and divalent metal concentrations,
which were taken from 3 randomly selected plants.

Total chlorophyll content

Total chlorophyll content was determined from
100 mg of first fully developed leaves following
extraction in 2 mL of 80% acetone using a plastic pestle
in microcentrifuge tubes (Aksoy et al., 2013). Samples
were incubated in the extraction buffer for 24 hours in
the dark at 4 °C for complete extraction. The absorbance
readings of the extracts were determined at 470, 646.8,
and 663.2 nm as compared to 80% acetone and the total
chlorophyll content was calculated according to
Lichtenthaler & Wellburn (1983).

FCR enzyme activity

For the measurement of FCR activity, first the root
fresh weights were recorded after brief drying with
tissue paper. Then, the root samples were incubated in
a 20 mL of solution of 0.1 mM Fe (ll1)-EDTA (Sigma) and
0.3 mM ferrozine (Sigma) for 24 hours in the dark at
room temperature (Aksoy & Koiwa, 2013). Then, the
absorbance of the solution was read at 562 nm against
the blank without roots. The enzyme activity was
calculated with a molar extinction coefficient of 28.6
mM?1cm™.

Phytosiderophore release

Phytosiderophore  release  was  quantified
according to Reichman & Parker (2007). Briefly, two
hours after the lights are turned on, plant roots were
washed with distilled water three times and transferred
into 20 mL of 200 uM CaClz to collect the exudates by
incubating them in the growth chamber for 6 hours.
Microbial degradation of the PS was inhibited by
addition of 50 pg/L Micropur into the extraction
solution. At the end of the incubation, exudates were
filtered through a 0.45 um filter and quantified by Fe-
binding assay. 0.5 mL of 0.2 mM FeCI3 was added onto
10 mL filtered exudate solution and mixed for 15
minutes on a rotary shaker. Then, 1 mL of 1 M sodium
acetate (pH 7.0) buffer is added into the mixture and it

was shaken for another 10 minutes. The mixture was
filtered into 0.25 mL of 6 M HCl via a coarse filter paper
to reduce Fe* to Fe* and 0.5 mL of 80 g/L
hydroxylamine hydrochloride was added on top. Finally,
the solution was incubated at 55°C for 30 minutes to
complete the reduction process. When the solution was
cooled down to room temperature, 0.25 mL of 2.5 g/L
ferrozine and 1 mL of 2 M sodium acetate (pH 4.7) buffer
were added to start the Fe-binding reaction.
Immediately, the mixture was briefly mixed by hand and
the absorbance was measured at 562 nm against the
blank without plants. PS concentration was calculated
according to standard curve generated by FeCls series.

Divalent metal concentrations

For the measurement of root and leaf Fe, Zn, and
Mn concentrations, the samples were incubated in 2
mM CaS04 and 10 mM EDTA for 10 minutes followed by
washing twice with distilled water to eliminate any
metal particles attached to the sample surface. Then,
the samples were divided into 3 technical repeats of 100
mg and dried in test tubes for 24 hours at 65 °C (Aksoy
et al., 2013). Then, the samples were digested in 4 mL of
98.8% HNOs (Sigma) and 1 mL of concentrated HCI
(Sigma) at 100 °C for 1 hour, 150 °C for 1 hour, 180 °C for
1.5 hours, and lastly at 210 °C until no liquid is left in the
test tubes by using a furnace (Vasconcelos et al., 2006).
Finally, the samples were re-dissolved with 10 mL of 2%
HNOs, and the metal contents were determined in
Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) (Bruker Aurora M90) in the pulse detector mode.

Rhizosphere acidification

The protons released from the roots were
measured according to Pizzio et al. (2015) with minor
modifications. Briefly, after the stress application, all
plant roots were immersed in 20 mL of acidification
solution (1/2 Hoagland’s solution, 2 mM MES buffer, pH
5.8) and allowed to grow in the growth cabinet for an
additional 48 hours. At the end of the incubation, the pH
of the solution was measured with a pH meter
(pH1000L, VWR) against the solution without plants.
Then, the fresh weights of the plant roots were
recorded. The pH = - log [H*] formula was used to
calculate the proton release, according to the change in
pH between the first and last reading.

Gene expression analyses by real-time PCR (RT-qPCR)
Total RNA was isolated from barley roots by
RNeasy Plant Mini Kit (Qiagen). Genomic DNA
contamination in the samples was removed using the
RapidOut DNA Cleaning Kit (ThermoFisher). 1% strand
cDNA synthesis from 2 pg of total RNA samples was
performed using the RevertAid First Strand cDNA
Synthesis Kit (ThermoFisher). 200 ng cDNA sample was
amplified on a Rotorgene (Qiagen) with LightCycler 480
SYBR Green | Master Mix (Roche) in a total volume of 20
uL using 0.8 uM specific primers (Table 1). HVACT was
used as a housekeeping gene in the normalization of
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gene expression (Gines et al. 2018). Gene expression
analyses were performed two times (technical
replicates) for each of the 3 biological replicates.

Statistical analyses

Differences between control and stress treatments
were analyzed using the Minitab 19 package program
according to Student's t-test (P<0.05).

Results and Discussion

Barley roots and shoots are adversely affected by Fe
deficiency

Five days of Fe deficiency significantly impacted
barley, highlighting its sensitivity to this nutrient
limitation (Figure 1). Strikingly, root and shoot lengths
plummeted significantly (P<0.05) by 40% and 20%,
respectively (Figure 2a, b). This stunted growth
extended to biomass, with 58.7% and 56.2% reductions
in root and shoot fresh weights (Figure 2¢c, d) and 57.9%
and 50.0% declines in dry weights (Figure 2e, f). Notably,
Fe deficiency triggered visible chlorosis in leaves (Figure
3a), leading to a staggering 60.6% drop in total
chlorophyll content compared to controls (Figure 3b).
Chlorophyll index measurements confirmed this trend,
revealing a 33.8% decrease under Fe deficiency (Figure
3c). This validates both measurements as reliable
indicators of Fe deficiency-induced chlorophyll
degradation in barley (Jiang et al., 2017). Although a
previous study reported more severe phenotypes under
longer Fe deprivation (Erenoglu et al., 2000), results of
this current study demonstrate that just five days were
sufficient to elicit clear deficiency symptoms in barley
leaves. This aligns with research indicating a direct
correlation between treatment duration and chlorosis
severity in Fe-sensitive cultivars (Bandyopadhyay &
Prasad, 2021; Martin-Barranco et al., 2021). Thus, Tarm-
92 emerges as highly sensitive to Fe deficiency,
exhibiting significant impairments even after a short-
term deprivation.

a b

/

sl

Fe-EDTA 50 0 |
(1M)

Figure 1. Overall look of the barley plants after iron deficiency
treatment. Tarm-92 variety of barley was exposed to the Fe
deficiency for 5 days after grown on % Hoagland medium for 9
days. a. Root and shoots of plants after stress application. b.
Leaf chlorosis after stress application. Bar: 1 cm.

Fe accumulation in the roots and shoots of barley show
opposite trends under Fe deficiency

Despite five days of Fe deficiency, shoot Fe
concentrations remained remarkably stable (Figure 4).
However, root Fe levels dropped by a significant 40.9%
compared to controls (P<0.05). This selective decrease
contradicts observations from longer-term studies
where shoot Fe content fell substantially after
comparable or even shorter Fe deprivations (Nikolic et
al., 2019; Mikami et al., 2011; Erenoglu et al., 2000). This
divergence suggests two possibilities: either barley
exhibits exceptional resilience in maintaining shoot Fe
content even during short-term deficiency, or the five-
day treatment window simply was not sufficient for
significant depletion in shoots.
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Figure 2. Physiological changes after Fe deficiency treatment.
a. Root length. b. Shoot length. c. Root fresh weight. d. Shoot
fresh weight. e. Root dry weight. f. Shoot dry weight. Values
indicate the means + SEM (n = 30 for an and b; n = 15 for c-f).
* indicates a significant difference between the treatments
according to Student’s t-test (P<0.05).

Intriguingly, the unchanged shoot Fe content did
not prevent Fe deficiency responses. Both biomass and
chlorophyll levels were markedly decreased (Figures 2
and 3), showcasing the plant's sensitivity despite
seemingly adequate shoot Fe reserves. This raises the
intriguing possibility that root Fe concentrations,
despite their decline, trigger downstream signaling
pathways in the leaves, activating deficiency responses
even before impacting shoot iron stores. This hypothesis
finds support in previous studies identifying root and
leaf-derived signals under Fe deficiency (Hindt &
Guerinot, 2012; Tabata, 2023). Alternatively, root Fe
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Figure 3. Biochemical changes after Fe deficiency treatment. a. FCR activity at the roots. b. Rhizosphere acidification. c.
Phytosiderophore concentration. d. Total chlorophyll content. e. SPAD value. Values indicate the means = SEM (n = 15). * indicates a
significant difference between the treatments according to Student’s t-test (P<0.05).

deprivation might trigger the overaccumulation of other
divalent metals in leaves, reaching toxic levels and
inducing chlorosis, as observed in some studies (Blasco
et al., 2018).

. 50 pM I:' 0 puM
) Fe-EDTA Fe-EDTA

50

60
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40
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(mg g'' DW)
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Root Shoot

Figure 4. Fe levels in the roots and shoots after iron deficiency.
Values indicate the means = SEM (n = 3). * indicates a
significant difference between the treatments according to
Student’s t-test (P<0.05).

Fe deficiency causes overaccumulation of zinc and
manganese in the roots and shoots of barley

Fe deficiency triggers the accumulation of other
divalent metals, like Zn** and Mn?*, which can be co-
transported into the root epidermis by IRT1 (Connolly et
al., 2002) and YS1 (Murata et al., 2006). As expected,

barley plants exhibited significantly higher levels of
these metals in both roots and shoots under Fe
deficiency (Figure 5). Notably, Zn?* concentrations in
roots and shoots climbed a staggering 65.7% and 45.1%,
respectively, while Mn?* surged by a remarkable 209.1%
and 43.7%. This striking overaccumulation suggests that
IRT1 and/or YS1 overworks under Fe deficiency,
inadvertently ushering in an influx of detrimental
metals. Corroborating these findings, studies on tobacco
(Kobayashi et al., 2003) and maize (Mozafar, 1997; Kanai
et _al., 2009) demonstrated similar Zn** and Mn?*
overaccumulation in roots and leaves under Fe
deficiency, leading to impaired photosynthesis and
biomass. Interestingly, other divalent metals, such as
copper (Cu?*) and cobalt (Co?*) did not overaccumulate
under Fe deficiency in tobacco (Kobayashi et al., 2003)
whereas Cu?* concentration was increased in
Arabidopsis leaves and roots (Vert et al.,, 2002) and
barley xylem (Alam et al., 2001) under Fe deficiency.
These data paint a concerning picture, where barley's
observed chlorosis under Fe deficiency (significantly
decreased chlorophyll content) might be driven not just
by Fe scarcity, but also by a cascade of toxicity resulting
from excessive Zn?* and Mn?* accumulation facilitated
by IRT1 and/or YS1 (Panda et al., 2012). Indeed, some
studies provided evidence for the accumulation of
reactive oxygen species (ROS) under Fe deficiency due
to excessive Zn?* and Mn?* accumulation, preventing
chlorophyll biosynthesis and active photosynthesis
(Blasco et al., 2018; Fan et al., 2021). Without neglecting
the direct effects of Fe deficiency on ROS production
(Santos et al., 2019), this highlights the intricate
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interplay between nutrient deficiencies and metal
uptake pathways, urging further investigation into the
specific mechanisms behind such collateral damage
caused by Fe deficiency.
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Figure 5. Zinc and manganese levels in the roots and shoots
after iron deficiency. a. Zn levels. b. Mn levels. Values indicate
the means + SEM (n = 3). * indicates a significant difference
between the treatments according to Student’s t-test
(P<0.05).

Strategy-l and Strategy-ll are affected at the
biochemical level in barley under Fe deficiency

To elucidate whether barley prioritizes the
chelation-based Strategy-ll or the reduction-based
Strategy-l for Fe acquisition during deficiency, key
biochemical parameters in the roots of barley were
investigated under Fe-limited conditions (Figure 6).
Firstly, Strategy-ll utilization was confirmed by
quantifying the release of phytosiderophores (PS). As
expected, barley unveiled its arsenal, raising PS levels a
remarkable 4.2-fold under Fe deficiency compared to Fe
sufficient condition (Figure 6a). This robust response
aligns with previous reports highlighting a positive
correlation between PS release rate, Fe deficiency
tolerance, and treatment duration in barley (Erenoglu et
al., 2000; Rai et al., 2021). Thus, barley appears to
adhere to the canonical tenets of Strategy-ll Fe
acquisition. However, a striking incongruity emerged.
Despite significantly elevated PS released from the
roots, barley displayed pronounced symptoms of Fe
deficiency, exemplified by higher chlorosis and reduced
root Fe content. This dissociation between robust PS
production and impaired Fe uptake suggests the

possibility of an alternative, strategy employed by barley
to compensate for the reduced efficiency of its Strategy-
Il system within the roots. Following confirmation of
Strategy-ll utilization through elevated PS release,
barley's Fe acquisition repertoire was further explored
by examining the potential contribution of a
complementary Strategy-l pathway. Intriguingly, we
observed a significant reduction of traits associated with
this pathway. FCR activity exhibited a substantial
reduction of 47.9% under Fe deficiency (Figure 6b),
while rhizosphere acidification, characterized by H*
release, declined by 42.1% (Figure 6c). This deviation
from the classic Strategy-l response, characterized by
increased FCR activity and proton release (Aksoy et al.,
2018), suggests that barley does not readily engage this
pathway to compensate for its apparent limitation in
Strategy-Il efficiency. While the observed reduction of
Strategy-l in barley deviates from typical responses
documented in non-Gramineae species, it highlights the
intricate nature of plant Fe acquisition and the potential
for species-specific adaptations. Some studies report
enhanced FCR activity and rhizosphere acidification in
Fe-tolerant non-Gramineae (Vasconcelos & Grusak,
2014), showcasing the diverse array of responses across
plant lineages. Further complicating the picture,
differences in timing and magnitude of these responses
are apparent in diverse species. For instance, while FCR
peaks in cucumber after five days of Fe deficiency
(Pavlovic et al., 2013) and Arabidopsis after 72 hours
(Aksoy et al., 2013), our barley model exhibited a
significant decline in both FCR activity and rhizosphere
acidification. Yet, interestingly, Mikami et al. (2011)
reported a similar non-significant decrease in FCR
activity in barley after seven days, suggesting potential
intraspecific diversity in strategy utilization. Taken
together, these data suggest that barley does not solely
depend on Strategy-l to support the Strategy-ll to
uptake Fe from the rhizosphere, which means that it can
utilize another alternative strategy to uptake Fe
efficiently. Recently, an alternative Fe acquisition
strategy was identified in non-Gramineae species (Robe
et al., 2021). In this strategy, plants secrete secondary
metabolites like coumarins into the rhizosphere, which
complexes with Fe3'. Although, in silico evidence
suggest that this strategy was not evolved in barley
(Clemens & Weber, 2016), coumarin accumulation was
shown in the vacuoles of barley leaf mesophyll cells
(Werner & Matile, 1985).

This intricate tapestry of response patterns
underscores the need for comparative studies across
diverse plant models employing different Fe uptake
strategies. By investigating a broader range of species
and treatment timeframes, we can begin to elucidate
the spectrum of adaptive plasticity in Fe acquisition and
unravel the factors influencing specific pathway
preferences. Such comprehensive research promises to
advance our understanding of plant resilience and
adaptability in the face of nutrient limitations.
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according to Student’s t-test (P<0.05).

The expression levels of genes responsible for Fe
uptake are altered significantly in the roots of barley
under Fe deficiency

The effect of short-term Fe deficiency on
decreased root Fe levels but stable shoot Fe levels
implies that the stress signaling was not sufficiently
affected and the Fe translocation has not yet been
altered in the early days of stress treatment in barley. To
evaluate how stress signaling was affected in barley
cultivar, the expression levels of the genes involved in
both strategies were determined in the roots (Figure 7).
Accordingly, the expression levels of HvIRT1, HVIRT2,
HVFRO1, HVFRO2, and HVAHAZ2 functioning in Strategy-I
and HvNAS1, HvIDS2, HvIDS3, HvYS1, HvTOM1 and
HvDMAS1 working in Strategy-ll were increased
significantly under Fe deficiency (Figure 7a). Similar to
our results, the expression levels of the genes coding for
IRT transporters (IRT1 and IRT2), FCRs (FRO1 and FRO2)
and proton pump (AHA2) increases under Fe deficiency
in non-Gramineous species (Hindt & Guerinot, 2012).
Similarly, HVIRT1 also increases in the roots of barley
under Fe deficiency (Pedas et al., 2008). The observed
difference between FCR activity and rhizosphere
acidification (Figure 6b _and c) in relation to the
expression levels of HvFRO1, HvFRO2, and HvVAHA2
suggests that, while the genes were activated after five
days of iron deficiency, the corresponding enzymes may
not have become fully functional. This aligns with the
possibility that Strategy-Il, as evidenced by PS release, is
activated earlier for initial Fe acquisition, while Strategy-
I may require a longer exposure to Fe deficiency to fully
engage and support sufficient Fe uptake for tolerance.
Further research investigating enzyme activity across
longer timeframes may shed light on the activation
dynamics of different Fe acquisition strategies in barley.

Among Strategy-ll genes, HVTOM1 and HvIDS2
expressions increased by 10 folds while HvNAS1
expression increased by 8.9 folds (Figure 7b). In a

previous study, the expression levels of HYDMAS1 and
HvNAS1 increased by four folds and the level of HyTOM 1
increased by three folds in barley roots under 7 days of
Fe deficiency (Nikolic et al., 2019). In the same study,
HvYS1 expression increased approximately 1.8 times in
a 2-day stress application. In our study, genotypic and
developmental stage differences may be among the
reasons for the higher increases in the expression levels
of the same genes in barley roots exposed to 5 days of
Fe deficiency. Among Strategy-l genes, the top two
genes with the highest expression levels were HVAHA2
and HvVIRT1, with 5.7 and 5.0-fold increases,
respectively. Therefore, it is noteworthy that among the
increases in gene expressions, the expression levels of
genes involved in Strategy-Il were higher than those in
Strategy-l. These results are in with PS release rates
(Figure 6a), suggesting that Strategy-Il is the main Fe
acquisition mechanism in barley roots.

Even though two Fe uptake strategies, namely
Strategy-l and Strategy-ll, were evolved in different
plant groups, a combined strategy was proposed only
for the cultivated rice to absorb Fe from the rhizosphere
since it is adapted to live in paddies (Sperotto et al.
2012), where Fe?* is the more abundant form compared
to Fe3* in submerged conditions (Ishimaru et al., 2006).
Recently, this combined strategy was also shown in
Oryza genus (Wairich et al., 2019) and other
Gramineous species, suggesting that plants have
evolved alternative mechanisms to adapt to changing
environmental conditions, such as flooding, to continue
absorbing Fe from the rhizosphere. However, depending
on the species, either one or both of the Fe uptake
strategies may have been selectively employed for
efficient Fe acquisition (Grillet, & Schmidt, 2019).
Results presented in this study suggest that, while barley
primarily relies on Strategy-Il for Fe uptake evidenced by
the substantial increase in PS levels (Figure 6a), this
reliance should not mask the potential contribution of
other mechanisms. The observed downregulation of
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Strategy-l components, like FCR activity and rhizosphere
acidification, hints at potential limitations in solely
relying on Strategy-ll. Therefore, while Strategy-II
appears to be the main player, alternative Fe uptake
pathways, including components of Strategy-l, likely
play a complementary role in supporting Fe acquisition
in barley roots.
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Figure 7. Relative expression of the genes in the roots of barley
plants after Fe deficiency treatment. a. Genes involved in
Strategy-l. b. Genes involved in Strategy-Il. The expression
level of each gene was compared to the expression level of the
same gene in iron sufficient medium. Values indicate the
means + SEM (n = 3). * indicates a significant difference
between the treatments according to Student’s t-test
(P<0.05).

Conclusion

This study showed that the FCR activity and
rhizosphere acidification, which take part in Strategy-I,
decreased significantly in barley roots under iron
deficiency. The decrease in both activities led to a
reduction in the Fe accumulation in the roots. On the
other hand, although no significant change was
observed in the shoot Fe levels, the severity of the
chlorosis in the leaves increased, which might be
attributed to the over-accumulation of Zn and Mn.
Plants secreted more phytosiderophores to the
rhizosphere as a response to the Fe deficiency. The
expression levels of genes involved in both Strategy-I
and Strategy-Il increased in the roots of barley exposed
to iron deficiency, but this increase was more significant
in Strategy-ll genes. Taken together, the results of this
study prove that the Tarm-92 is sensitive to Fe
deficiency and it activates Strategy-ll stronger than
Strategy-l under Fe deficiency.
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Introduction

Abstract

This study investigates the impact of Juglans kernel powder (JKP) and Jacobinia leaf
powder (JLP) supplementation on Aflatoxin-B1 (AF) exposed broiler chickens. 200
Cobb-500 broiler chicks were grouped to four treatments: CONT: No supplement;
AFNS: 0.5 mg/kg AF; AFJK: 0.5 mg/kg AF+ 350 mg/kg JKP; AFJL: 0.5 mg/kg AF+350
mg/kg JLP. On day 42, the broiler chicken’s relative growth rate, and dressed
percentage were lowest in AFNS compared to the rest treatments. Meat cholesterol
was lower in AFNS, AFJK, and AFJL, compared to CONT. Meat catalase in AFNS was
lower than those in CONT, AFJK, and AFJL. Meat glutathione peroxidase levels of birds
in AFNS are similar to AFJL but were lower than those in CONT, and AFJK. Lipid
oxidation, and protein oxidation activities of broiler chickens in AFNS were higher than
those in the rest of the treatments. Brain catalase, acetylcholinesterase, and
glutathione peroxidase activities of birds in AFNS were lower than CONT, AFJK, and
AFJL. Expressions of proinflammatory cytokines, and 8-hydroxy-2'-deoxyguanosine in
AFNS were higher compared to other treatments. The immunoglobulins A, E and G of
broiler chickens in AFNS were lower than CONT, AFJK, and AFJL. 350 mg/kg JKP or JLP
ameliorate the effects of AF contamination on broiler chickens.

Commercial broiler chicken production is one of
the profitable ventures that bring back profits on capital
investment in a relatively short period because broiler
chickens are fast and can reach a market weight of about
2 kg in less than 7 weeks of age (Kpomasse et al., 2021;
Tallentire et al., 2016).

Feed quality has been identified as a significant
challenge, exerting a negative impact on the
performance and health of broiler chickens
(Houndonougbo et al., 2012). According to Udomkun et
al. (2017), one of the main causes of food insecurity is
feed contamination by mycotoxins, which harm 25% of
the world's crops (Pankaj et al., 2018). Aflatoxins (AFs),
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a class of very hazardous mycotoxins are known to infect
a wide range of foods, including grains like maize and
groundnuts (Igbal et al., 2015; Mahato et al., 2019).
Since ingestion of AF-contaminated diets by animals or
humans produces serious health complications, strict
regulations for AFs in feed and food are implemented to
maintain public health (Juan et al., 2012; Mahato et al.,
2019).

Several hazardous secondary metabolites,
including aflatoxins B1, B2, G1, and G2, are frequently
produced in response to the growth of Aspergillus flavus
or Aspergillus parasiticus in poultry feeds (Fouad et al.
2019). Aflatoxin B1 is the most harmful and prevalent
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mycotoxin among these metabolites (Pitt & Miller
2017). It is known to be hepatotoxic, cancer-causing,
and mutagenic (De Ruyck et al., 2015), and the risks
associated with aflatoxin B1 in chickens include low
productivity and a high propensity for disease (Fouad et
al., 2019). Additionally, it has been hypothesized that
Aflatoxin B1 can cause cells to produce intracellular
Reactive Oxygen Species (ROS) like superoxide anion,
hydroxyl radical, and hydrogen peroxide (An et al., 2017;
Towner et al., 2003). Consequently DNA, lipids, and
proteins are damaged by oxidation, which causes
serious cellular dysfunctions (Forni et al., 2019).

Since the increase in ROS and subsequent oxidative
stress and inflammation are closely related to the
pathophysiological processes of aflatoxicosis, the use of
phytosupplements with well-known antioxidant and
anti-inflammatory effects is presently gaining attention
(Forni et al., 2019). For example, it is well known that
ROS act as physiologic activators of transcription factors
like Nuclear Factor B and Activator Protein-1 that, in
turn, can  modulate the transcription  of
proinflammatory cytokines like Tumor Necrosis Factor,
Interleukin 6, 8, and 1 (Nordberg & Arnér, 2001).
Therefore, a fascinating approach for potential clinical
applications is the utilisation of phytosupplements with
antioxidant and anti-inflammatory action (Forni et al.,
2019).

Recently, JKP and JLP were reported as potential
phytogenic supplements that possess antioxidant and
anti-inflammatory properties and other nutraceutical
properties that could be explored to mitigate the
negative effects of Aflatoxin dietary contamination
(Oloruntola, 2022a; Oloruntola et al.,, 2022a).
Therefore, the objectives of this work are to study the
effects of Juglans kernel powder and Jacobina leaf
powder supplementation on the growth, carcass,
immune system, and DNA biomarkers of broiler
chickens fed Aflatoxin B1 contaminated diets.

Materials and Methods

Ethical approval, juglans kernel and jacobinia leaf
powder, aflatoxin B1, and experimental diets

The animal care and use procedure was approved
by the Animal Care and Use Committee of the
Department of Animal Science at Adekunle Ajasin
University in Akungba Akoko, Nigeria. The JKP and JLP
were produced as described by Oloruntola (2022a) and
Oloruntola et al. (2022a), respectively. The pure culture
of Aspergillus flavus (NRRL 3251), which was grown on
potato dextrose agar, produced aflatoxin. The
autoclavable polypropylene bags containing 500 g of
corn grits were heated to 121 °C and then exposed to a
pressure of 120 kPa for 60 min. After being inoculated
with an A. flavus spore suspension, the autoclaved grit
maize was cultivated for seven days at a temperature of
28 °C. Once the fungus had grown, the grit maize was
dried in a 70°C oven and ground into powder. Aflatoxin

B1 (AF) levels were measured in triplicate using thin-
layer chromatography in maize (AOAC, 2010).

A baseline diet (Table 1) was prepared, divided into
four halves, and given the designations for the starter
and finisher stages:

CONT: No aflatoxin AF contamination and no
supplementation.

AFNS: No phytosupplement was added to 0.5 mg/kg of
AF-contaminated baseline diet.

AFJK: 350 mg/kg of JKP was added to the 0.5 mg/kg of
AF-contaminated baseline diet.

AFJL: 350 mg/kg of JLP was added to the 0.5 mg/kg of
AF-contaminated baseline diet.

The 0.5 mg/kg AF/kg dietary contamination utilized
in this study is 25 times higher than the dietary
concentration for chicken authorized by the National
Agency for Food and Drug Administration and Control
(NAFDAC) and the European Union (EU) (Burel et al.
2009).

Table 1. Composition of the experimental diets

Ingredients Starter Finisher

(%) phase phase
Maize 50.36 58.36
Rice bran 0.00 3.02
Maize bran 3.00 0.00
Soy oil 1.00 1.00
Soybean meal 38.00 30.00
Fish meal 3.00 3.00
Bone meal 3.00 3.00
Premix 0.31 0.31
Limestone 0.49 0.47
Salt 0.31 0.31
Methionine 0.29 0.29
Lysine 0.24 0.24

Nutrient composition
Metabolizable energy (Kcal/kg) 3018.10 3108.20
Crude protein (%) 22.17 20.04

Birds used in experiments and experimental design

At one day of age, 200 Cobb 500 broiler chickens
were randomly assigned to four diets, each of which
contained five replicas of 10 chicks. Water and feed
were continuously accessible during the six-week
feeding trial period.

Blood collection and analysis

On day 42, four randomly chosen birds per
replication were marked or tagged, and blood samples
of roughly 10 ml were taken using a syringe and needle
from the brachial vein. For the measurement of pro-
inflammatory cytokines and immunoglobulins into plain
sample vials. The samples from plain bottles were
centrifuged, and their serum was split into a different
set of plain bottles and refrigerated at 20°C before being
used. The Nuclear Factor Kappa B (NFK B) was
determined using a Rat NFKB-p65 ELISA kit (Elabscience
Biotechnology Inc. USA); the Tumor Necrosis Factor
Alpha (TNF a) was determined with an ELISA kit
(Elabscience Biotechnology Inc. USA) while the
Interleukin 6 (IL 6) was determined using a Rat IL-6 ELISA
kit (Elabscience Biotechnology Inc. USA). The
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immunoglobulins A (IgA), E (IgE), G (IgG) and M (IgM)
were determined using ELISA kits (Fortress Diagnostics
Limited, United Kingdom). The 8-hydroxy-2'-
deoxyguanosine (8-OHdG) was determined as described
by Zhang et al. (2013).

Relative growth rate and carcass traits

Broiler chickens that were used in the experiment
were weighed before the feeding experiment began
(day 1) and when the experiment was over (day 42). The
relative growth rate (RGR) was estimated (Adebayo et
al., 2020) by using the formula:

RGR=[(wt2-wt1)/((w1l+w2))/2]*100.
wtl= the broiler chickens' initial weight before the
experiment, and wt2= the broiler chicks' weight on the
final day of the experiment.

On the 42™ day of the experiment, 14 birds were
arbitrarily chosen from each treatment group (two
birds/replica), weighed, and slaughtered in accordance
with the EU regulation on animal protection during
slaughter and killing (Osowe et al.,, 2022;
Uijttenboogaart, 1999). Afterwards, the carcasses were
spray-washed and cooled for 30 min at 2 °C. The ratio of
the carcass weight to the final body weight was used to
estimate the dressing percentage. Also, the relative
weights of the heart, liver, lung, pancreas, gizzard, and
spleen (percentage of final weight) were computed
(Osowe et al., 2022).

Meat and brain analysis

After being slaughtered, a total of five birds (one
bird per replication) were chosen from each treatment
group to be tested for the level of the enzymes catalase,
glutathione peroxidase, lipid peroxidation, and protein
oxidation, as well as meat cholesterol. Catalase,
acetylcholinesterase (AChE), glutathione peroxidase,
and ferric ion-reducing antioxidant power (FRAP) in the
brain were also examined. A portion of the breast meat
from the carcasses was removed, wrapped aerobically
in an oxygen-permeable bag, and frozen for 20 days at -
18 °C.

The concentration of meat cholesterol was
measured spectrophotometrically using commercial kits
(Asan Pharm. Co., Ltd.,, Seoul). The catalase and
glutathione peroxidase activities were determined as
reported by Mubhlisin et al. (2016) and Cichoski et al.,
(2012), respectively. The thiobarbituric acid (TBA) assay
method was used to determine the degree of lipid
oxidation in the meat (Tokur et al., 2006). The meat
protein oxidation was determined as described by Souza
et al. (2013).

Using a high-speed homogenizer, the entire brains
of broiler chickens were removed and homogenized in
cold saline at 0.9% in a ratio of 1:10 (w/v). The
homogenate samples were divided into 1.0 ml aliquots
and stored at -18 °C until use after being centrifuged at
2000 rpm for 20 min. The brain catalase (Khan et al.
2012), FRAP (Benzie and Strain, 1996; Sadeghi et al.,
2019), and glutathione peroxidase (Khan et al. 2012)

activities were determined. The brain AChE activity was
determined spectrophotometrically using a modified
Ellman’s method (Freitas et al., 2016; Silva et al., 2004).

Statistical data analysis

The data were subjected to an analysis of variance
(ANOVA) using SPSS v.20, and the Duncan multiple
range test of the same program was used to see whether
the treatment means differed (Oloruntola et al., 2018).

Results

The comprehensive examination of broiler
chickens subjected to AF contamination, coupled with
JKP  and JLP dietary supplementation, reveals
multifaceted impacts on various physiological
parameters and meat properties. Figure 1 shows that
the relative growth rate (RGR) was lowest in AFNS
compared to the rest of the treatments. In addition, the
RGR of birds in AFJK and AFJL were similar but
significantly higher than the CONT and AFNS.
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Figure 1. Effects of Justicia kernel powder and Jabobinia leaf
powder on the Relative growth rate of broiler chickens fed
aflatoxin B1 contaminated diets. CONT: No
contamination/supplementation; AFNS: 0.5 mg/kg AF; AFJK:
0.5 mg/kg AF +350 mg/kg JK; AFJL: 0.5 mg/kg AF+350 mg/kg
JL.

Table 2 shows the effects of JKP and JLP
supplementation on the carcass and internal organs
weight (% slaughter weight) of broiler chickens fed an
AF-contaminated diet. The dressed percentage of the
birds in AFNS was significantly lower than that in CONT
and the rest treatments (AFJK and AFJL). There was
significant inflammation of the liver, and pancreas of
birds in AFNS compared to those in CONT and the rest
of the treatments. The enlargement of the spleen
recorded in AFNS is similar to AFJK but was significantly
higher than those in CONT and AFJL.
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Table 2. Effects of Juglans kernel powder and Jacobinia leaf powder supplementation on the carcass and internal organs weight (%
slaughter weight) of broiler chickens fed Aflatoxin B1-contaminated diet

Parameters CONT AFNS AFJK AFJL SEM P value
Dressed percentage 75.922 68.590 76.222 74.492 0.78 0.01
Heart 0.48 0.44 0.43 0.53 0.01 0.05
Liver 2.76° 3.562 2.34bc 2.82b 0.01 0.01
Lung 0.53 0.54 0.52 0.47 0.-02 0.50
Pancrease 0.24¢ 0.362 0.30° 0.24¢ 0.01 0.01
Gizzard 2.23 1.92 1.97 2.31 0.07 0.22
Spleen 0.19bc 0.262 0.242b 0.16¢ 0.01 0.01

acMeans within a row with different letters are significantly different (P<0.05); AF. Aflatoxin B1; CONT: No contamination/supplementation; AFNS: 0.5
mg/kg AF; AFJK: 0.5 mg/kg AF +350 mg/kg JK; AFJL: 0.5 mg/kg AF+350 mg/kg JL; SEM: Standard error of means.

Table 3. Effects of Juglans kernel powder and Jacobinia leaf powder supplementation on the meat properties of broiler chickens fed

Aflatoxin B1-contaminated diet

Parameters CONT AFNS AFJK AFJL SEM P value
Cholesterol (mmol/l) 5.382 4.84b 4.00¢ 4.25¢ 0.12 0.01
Catalase (kU/ml) 48.652 32.35¢ 42.41b 42.46 1.32 0.01
Glutathione peroxidase (umole) 208.342 168.62b 202.052 178.43 @b 4,19 0.01
Lipid oxidation (mgMDA/g) 1.21b 1.782 1.16b 1.28b 0.06 0.01
Protein oxidation (hnmol/mg) 99.57> 141.652 107.04b 105.33b 3.72 0.01

acMeans within a row with different letters are significantly different (P<0.05); AF. Aflatoxin B1;CONT: No contamination/supplementation; AFNS: 0.5
mg/kg AF; AFJK: 0.5 mg/kg AF +350 mg/kg JK; AFJL: 0.5 mg/kg AF+350 mg/kg JL; SEM: Standard error of means.

The AF dietary contamination, and
phytosupplementation have significant effects on the
meat properties in the broiler chickens (Table 3). The
meat cholesterol concentration was significantly lower
in AFNS, AFJK and AFJL, compared to those in CONT. The
meat catalase of birds in AFNS was significantly lower
than that in CONT, AFJK, and AFJL. The meat glutathione
peroxidase levels of birds in AFNS are similar to AFJL but
were lower than those in CONT and AFJK although the
glutathione peroxidase of broiler chicken’s meat in AFJL
was comparable to CONT and AFNS. The lipid oxidation
and protein oxidation activities of broiler chickens in
AFNS were significantly higher than those in CONT, AFJK,
and AFJL.

The effects of JKP and JLP supplementation on the
brains of broiler chickens fed AF-contaminated diet are

shown in Table 4. The brain catalase, AChE, and
glutathione peroxidase activities of birds in AFNS were
significantly lower than CONT, AFJK, and AFJL. The brain
FRAP of birds in AFNS was lower than those in CONT,
AFJK, and AFJL although the FRAP in AFJK and AFJL were
lower than CONT.

The NFKB, TNF-a, and IL-6 expressions in AFNS
were significantly lower than in CONT, AFJK, and AFJL
(Table 5).

Effects of JKP and JLP supplementation on the
immunoglobulins of broiler chickens fed AF-
contaminated diet are shown in Table 6. The
immunoglobulins A, E, and G of broiler chickens in AFNS
were lower in AFNS, compared to CONT, AFJK, and AFJL
while the immunoglobin M of broiler chickens in AFNS
was similar to AFJK but was lower than CONT and AFJL.

Table 4. Effects of Juglans kernel powder and Jacobinia leaf powder supplementation on the brain of broiler chickens fed Aflatoxin

B1-contaminated diet

Parameters CONT AFNS AFJK AFJL SEM P value
Catalase (u/mg protein) 7.512 5.100 6.682 6.542 0.24 0.01
Acetylcholinesterase (u/ml) 0.232 0.11b 0.212 0.20° 0.01 0.01
Glutathione peroxidase (U/L) 57.942 49.13b 56.192 56.242 0.99 0.03
FRAP (uM(Fe(l1)) 74.37 58.13¢ 69.06P 69.57b 1.42 0.01

acMeans within a row with different letters are significantly different (P<0.05); AF.Aflatoxin B1; CONT: No contamination/supplementation; AFNS:
0.5 mg/kg AF; AFJK: 0.5 mg/kg AF +350 mg/kg JK; AFJL: 0.5 mg/kg AF+350 mg/kg JL; FRAP: Ferric ion Reducing Antioxidant Power; SEM: Standard

error of means.

Table 5. Effects of Juglans kernel powder and Jacobinia leaf powder supplementation on the proinflammatory cytokines of broiler

chickens fed Aflatoxin B1-contaminated diet

Parameters CONT AFNS AFJK AFJL SEM P value
NFKB (pg/ml) 26.57b 38.172 27.99b 26.71b 1.14 0.01
TNF ALFA (pg/ml) 34.47° 63.782 42.05P 43,570 3.09 0.01
IL6 (pg/ml) 14.31¢ 39.532 22.71b 24.42b 2.18 0.01

a¢Means within a row with different letters are significantly different (P<0.05); AF. Aflatoxin B1; CONT: No contamination/supplementation; AFNS:
0.5 mg/kg AF; AFJK: 0.5 mg/kg AF +350 mg/kg JK; AFJL: 0.5 mg/kg AF+350 mg/kg JL; SEM: Standard error of means.
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Table 6. Effects of Juglans kernel powder and Jacobinia leaf powder supplementation on the immunoglobulins of broiler chickens fed

Aflatoxin B1-contaminated diet

Parameters CONT AFNS AFJK AFIL SEM P value
Immunoglobulin A (mg/dl) 219.542 171.43b 243.992 230.672 8.34 0.01
Immunoglobulin E (IU/ml) 1073.832 931.01b 1068.58?2 1105.872 15.66 0.01
Immunoglobulin G (mg/dl) 316.482 210.78b 317.172 329.872 11.26 0.02
Immunoglobulin M (mg/dl) 373.64b 330.21¢ 348.35bc 410.252 7.80 0.01

a<Means within a row with different letters are significantly different (P<0.05); AF. Aflatoxin B1; CONT: No contamination/supplementation; AFNS: 0.5
mg/kg AF; AFJK: 0.5 mg/kg AF +350 mg/kg JK; AFJL: 0.5 mg/kg AF+350 mg/kg JL; SEM: Standard error of means.

However, the immunoglobulin M level was higher in
AFKL, compare to the rest diets.

The effects of JKP and JLP on the serum 8-OHdG of
broiler chickens fed AF-contaminated diets were
depicted in Figure 2. The expression of 8-OHdG in AFNS
was significantly higher than CONT, AFJK, and AFJL. The
8-OHdG in AFJK and AFJL were similar to CONT.
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Figure 2. Effects of Justicia kernel powder and Jabobinia leaf
powder on the serum 8-Hydroxy-2'-deoxyguanosine of broiler
chickens fed aflatoxin B1 contaminated diets. CONT: No
contamination/supplementation; AFNS: 0.5 mg/kg AF; AFJK:
0.5 mg/kg AF +350 mg/kgJK; AFJL: 0.5 mg/kg AF+350 mg/kg JL.

Discussion

Examining JKP and JLP supplementation in broiler
chickens exposed to Aflatoxin-B1, this discussion
explores comprehensive effects on growth, meat, brain,
immune system, and DNA biomarkers. The observed
lower relative growth rate in this study's experimental
birds fed 0.5 mg/kg of AF was comparable to the
reduced body weight gain in broiler chickens
documented in response to AF dietary contamination by
Nazarizadeh et al. (2019). Aflatoxicosis resulted in
stunted growth and may have been caused by
gastrointestinal  dysfunction, which is typically
accompanied by reduced feed efficiency (Sarma et al.
2017). The improved relative growth rate observed in
the experimental birds fed AF-contaminated diets
supplemented with JKP and JLP (AFJK and AFIL) in this
study, however, indicates the potential of these
phytosupplements to counteract growth-suppressing
effects of dietary AF contamination in broiler chickens
by improving the nutrient digestion and absorption
(Hashemi & Davoodi, 2010; Valenzuela-Grijalva et al.,
2017). Previous studies have indicated

phytosupplements as growth promoters in animals and
particularly broiler chickens (Olarotimi et al., 2022;
Oloruntola 2022b; Valenzuela-Grijalva et al., 2017).
According to this study, JKP and JLP supplements
boosted growth performance in broiler birds fed diets
contaminated with AF. Specifically, broiler chicks fed
diets contaminated with AF showed enhanced body
weight gain as a result of JKP and JLP supplementation.
This improvement may be attributed to a variety of
biological activities, including the antioxidant,
antibacterial, and flavor-enhancing effects of
phytogenic supplements (Valenzuela-Grijalva et al.,
2017).

The observed reduced dress percentage recorded
in AFNS in this study could also be due to the same factor
that affected their relative growth rate. Furthermore,
the animals' relative internal organ weights may have
increased abnormally, which could be a sign that their
internal organs are reacting to a toxin in their diet
(Ayodele et al., 2016). As recorded in this study, the
increased liver, pancreas, and spleen relative weights of
the experimental birds due to aflatoxicosis were linked
to the carcinogenic, mutagenic, immunosuppressive,
and teratogenic activities of AF causing significant
interference with the normal protein synthesis and
inhibition of myriad metabolic systems, and
consequently, causing pathological processes in various
organs such as the heart, kidney, and liver (Mohammed
& Metwally, 2009). The pancreas (El-Haleem et al.,
2011) and spleen (Li et al., 2019) are also among the
common organs affected by aflatoxicosis.

There is currently an increased global preference
for low-cholesterol chicken meat by consumers and
more dietary modifications are being adopted to
decrease the fat and cholesterol contents of poultry
meat (Ponte et al., 2004). By implication, the observed
reduced meat cholesterol concentration of birds in
AFNS, AFJK, and, AFJL in this study is of benefit. The
reduced meat cholesterol concentration in broiler
chickens fed aflatoxin-contaminated feed could be due
to gastrointestinal dysfunction resulting in reduced
nutrients e.g., fat utilization and consequently low
concentration of fat and cholesterol in their meat
(Sarma et al., 2017). Additionally, the phytogenic
supplements in AFJK and AFJL may contain bioactive
substances like tannin and saponins that prevent the
absorption of fat and an excessive buildup of lipids in the
meat (Oloruntola et al., 2022b; Thinh et al., 2018).
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Catalase, glutathione peroxidase, and superoxide
dismutase are antioxidant enzymes that are active in
meat's enzymatic defense systems (Min et al., 2008).
The decreased catalase, and glutathione peroxidase
activities in the meat of the birds fed a diet
contaminated with AF were consistent with earlier
studies that explained that aflatoxicosis caused the
antioxidant enzymes superoxide dismutase, glutathione
peroxidase, and catalase to be downregulated,
increasing the byproducts of lipid peroxidation (Da Silva
et al., 2018). Previous reports show that JKP and JLP
have antioxidant activities and nutraceutical values
(Oloruntola, 2022a; Oloruntola et al., 2022a). This may
explain the improved meat catalase and glutathione
peroxidase activities in AFJK and AFJL birds” meat when
compared to AFNS. Recent studies suggest that several
phytosupplements have advantageous antioxidant
properties and may significantly contribute as natural
substitutes for synthetic antioxidant feed additives in
enhancing the meat's antioxidant status (Abbas et al.,
2015; Lee et al., 2017).

The elevated birds’ meat lipid oxidation and
protein oxidation activities in AFNS agreed with Da Silva
et al. (2018) while similar lipid oxidation and protein
oxidation activities found in the meat of broiler chickens
fed AF-contaminated diets being supplemented with JKP
and JLP and those fed the control diet in this study point
to the presence of antioxidants and the potency of these
phytosupplements (JKP and JLP) in stabilizing or delaying
the lipid and protein oxidation processes in the meat of
broiler chickens. According to earlier research, using
dietary antioxidants can delay the oxidation process.
(Cortinas et al., 2005; Smet et al., 2008). For instance,
Cortinas et al. (2005) found positive oxidative stability
after dietary supplementation with tocopheryl acetate.
Additionally, polyphenols and flavonoids regulate
oxidation by stopping or restricting chain reactions after
radicals are created (Keppler et al., 2020).

AF induces neurotoxicity by causing DNA damage,
apoptosis, and an interruption of the S-phase cell cycle
(Huang et al., 2020). This may help to an extent explain
why broiler chickens fed AFNS had reduced catalase,
acetylcholinesterase, glutathione peroxidase, and ferric
ion-reducing antioxidant power. Increased lipid
peroxidation, increased oxidative pathways, and lower
levels of antioxidant enzymes have all been associated
with AF (Gugliandolo et al., 2020). However, the stable
catalase, acetylcholinesterase, glutathione peroxidase,
and ferric ion-reducing antioxidant power in AFJK and
AFJL, when compared to CONT, further support the
antioxidant and nutraceutical activities of JKP and JLP
and their neuroprotective potentials (Kumar & Khanum,
2012; Oloruntola, 2022a; Oloruntola et al., 2022a).

By affecting the function of receptors for the main
inhibitory neurotransmitters, phytosupplements from
medicinal plants play a crucial part in preserving the
chemical balance of the brain (Kumar & Khanum, 2012).
Some phytosupplements have been demonstrated to
have antioxidant and/or anti-inflammatory properties in

a range of peripheral systems. Anti-inflammatory herbal
medicine and its contents are now being demonstrated
to be an effective neuroprotector against many brain
disorders, as increasing data suggest that neuroglia-
derived chronic inflammatory responses play a
pathogenic function in the central nervous system
(Kumar & Khanum, 2012; Pueyo & Calvo, 2009).

The observed amplified serum NFKB, TNF-a, and IL-
6 in birds AFNS could be the expression of the
mycotoxins' ability to cause or worsen inflammation
through a variety of molecular processes, including the
activation of inflammasomes and the generation of
reactive oxygen species (Brown et al., 2021; Zhen &
Zhang, 2019). It has also been demonstrated that food
contamination with AF raises the levels of pro-
inflammatory cytokines (Kraft et al., 2021). In addition,
the stabilized serum NFKB, TNF-a, and IL-6 of birds in
AFJK and AFJL could be due to the anti-inflammatory
activities and other nutraceutical properties of JKP and
JLP, the phytosupplement used in this study (Oloruntola
2022a; Oloruntola et al.,, 2022a). A number of
compounds originating from plants have lately been
theorized to act as anti-inflammatory agents by
controlling the production of proinflammatory
microRNAs (Saleh et al., 2021). When consumed,
bioactive substances originating from plants, such as
phenolic compounds, which include flavonoids and
tannins, glucosinolates, alkaloids, and terpenoids, get
involved in a variety of biological processes in the body,
including redox reactions, cell signaling, and
inflammation (Perez-Gregorio & Simal-Gandara, 2017).
As a result, natural products are increasingly showing
promise in the treatment of a variety of inflammatory
disorders arising from aflatoxicosis and related cases
(Gautam & Jachak, 2009; Mahoney & Molyneux, 2004).

The depressed immunoglobulins A, E, G, and M of
birds in AFNS agreed with Soltani et al. (2019), who
recorded lower immunoglobulins G and M in broiler
chickens fed AF-contaminated diet, compared to those
fed the control diet. The inhibition of protein synthesis,
which lowers the production of immunoglobulin as a
result of aflatoxicosis, could be the cause of the
decreased immunological responses of broiler chickens
in AFNS (Soltanin et al., 2019; Sur & Celik, 2003).
Furthermore, the stable immunoglobulins A, E, G, and M
of broiler chickens in AFJK and AFJL, when compared to
those in CONT in this study, further unveils the
immunomodulatory properties of phytosupplements
(Oloruntola et al., 2016). It has been demonstrated that
phenolic compounds also have an impact on humoral
immunity by promoting the release of certain
immunoglobulins (Allam et al., 2016). Previous studies
shows that serum immunoglobulins M and G levels are
significantly enhanced by the phenolic compounds in
phytosupplements (Allam et al., 2016; Maheshwari et
al., 2022).

The best non-invasive indicator of DNA oxidative
damage is 8-OHdG, which is the most representative
product of oxidative alterations in DNA (Valavanidis et
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al., 2009; Guo et al., 2016). The amplified expression of
serum 8-OHdG of broiler birds in AFNS indicates the
possibility of DNA oxidative damage being precipitated
by AF exposure. As is popularly known, AF is mostly
metabolized by cytochrome P450 enzymes producing
the genotoxic metabolite 8,9-epoxide-AFB1 (AFBO)
(Guengerich et al., 1998; Feng et al., 2016). AF-DNA
adducts can be formed when AFBO binds to DNA.
Consequently, AF-DNA adducts may obstruct regular
transcription and replication, leading to damage in
double-stranded DNA (Feng et al., 2016). The levels of 8-
OHdG found in the serum of broiler chickens in AFJK and
AFJL are comparable to those in CONT, suggesting that
JKP and JLP, taken as dietary supplements, have
antioxidant and other nutraceutical properties that
support the delay of reactive oxygen species'
detrimental effects on DNA integrity and prevent DNA
damage (Ye et al., 2023). In addition, it has been
demonstrated that a number of phytosupplements
prevent tumor onset and growth by causing DNA
damage (Ye et al, 2023). For instance, dietary
polyphenols can shield the organism from reactive
oxygen species' negative effects on DNA integrity
(Azqueta & Collins, 2016).

Conclusion

The 0.5 mg/kg AF dietary contamination produced
a retarded relative growth rate, depressed dress
percentage and inflammation of the liver and pancreas,
which were ameliorated by 350 mg/kg JKP and JLP
supplementations while the 0.5 mg/kg AF dietary
contamination with or without JKP or JLP
supplementation caused a reduced meat cholesterol
level. The reduced meat catalase, glutathione
peroxidase and increasing lipid peroxidation and protein
peroxidation activities being caused by AF dietary
contamination are prevented by both JKP and JLP
dietary supplementations. In addition, the brain AChE
and glutathione peroxidase activities and the serum IgA,
IgE, 1gG, NFKB, TNF-a and IL-6 were reduced as a result
of 0.5 mg/kg AF exposure while the expression of 8-
OHdG was also depleted by AF dietary contamination.
Therefore, 350 mg/kg JKP or JLP supplementations are
recommended to improve the growth, meat oxidative
status, immune system, and health status of broiler
chickens when exposed to AF dietary contaminated
diets.
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Introduction

Biofuels are sustainable, eco-friendly, and cheap

Abstract

For sustainable bioethanol production, the investigation of novel fermentative
microorganisms and feedstocks is crucial. In this context, the goals of the current study
are suggesting pumpkin residues as new raw material for bioethanol production and
investigating the fermentative capacity of the Candida boidinii, which is a newly
isolated yeast from sugar factory wastes. Response surface methodology was used to
determine the effect of enzyme (cellulase and hemicellulase) concentration and
enzymatic hydrolysis time. The maximum bioethanol concentration was 29.19 g/L
when fermentation parameters were optimized. However, it is revealed that
enzymatic hydrolysis and hydrolysis duration (48-72 h) have significant effects on
reducing sugar concentration. The highest reducing sugar was 108.86 g/L when the
20% initial pumpkin residue was hydrolyzed at 37.5 FPU/g substrate cellulase and 37.5
U/mL hemicellulase at the end of 72 h. Under these optimized conditions, the
bioethanol production of C. boidinii increased by 22.91% and reached 35.88 g/L. This
study shows pumpkin residues are promising feedstocks and C. boidinii is a suitable
microorganism for efficient bioethanol production.

bioethanol production gained importance in the

alternatives to fossil fuels. Among them, bioethanol
attracts attention because of its renewable and eco-
friendly features (Nowicka et al., 2020). Furthermore,
another usage area of bioethanol is the production of
hand sanitizers or disinfectants which are very useful
agents against pathogen microorganisms. Moreover,
the COVID-19 outbreak caused a massive demand for
alcohol-based disinfectants and ethanol shortage (Itiki &
Chowdhury, 2020). For this reason, ethanol prices
increased and ethanol production gained importance
for public health. Therefore, the studies about

Published by Field Crops Central Research Institute (FCCRI) Ankara, Turkey

literature (Mahlia et al., 2019; Palupi et al., 2020; Song
et al., 2020).

Bioethanol is derived from biomass and this
substance can be classified into different generations
according to the type of raw materials used. The first-
generation bioethanol is produced by sugar-containing
feedstocks such as starch, maize, wheat, sugarcane, or
sugar beet. Raw materials from the first generation have
high productivity rates; however, they have a negative
impact on food prices. On the other hand, the source of
the second-generation bioethanol is lignocellulosic
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feedstock which is one of the most abundant and cheap
materials on earth (Adigiizel, 2013). Third-generation
bioethanol is obtained from photosynthetic

microorganisms and genetically modified
microorganisms are used for fourth-generation ethanol
production.

Lignocellulose is the most abundant and under-
utilized feedstock on Earth. Thus, it does not compete
with edible sources for energy production and, does not
affect the food production chain (Kumar et al., 2016;
Naik et al., 2010). However, lignocellulosic bioethanol
production is still problematic because of the
recalcitrance of the raw materials (Paul & Dutta, 2018).
Moreover, by-products that are generated from the pre-
treatment of lignocellulose can reduce the activity of the
enzymes or inhibit microbial growth (Aytas et al., 2023).
Therefore, the determination of the efficient bioethanol
producer organisms or available feedstocks can
contribute to more effective bioethanol production
processes.

Efficient ethanol production from all sugars
present in lignocellulosic raw material is crucial for more
economical bioethanol production. Xylose is the second
most abundant fermentable sugar in lignocellulose after
glucose. Therefore, the utilization of xylose is of great
importance for efficient fermentation. However,
commercially available yeasts such as Saccharomyces
cerevisiae cannot ferment xylose into ethanol (Zhao et
al. 2016). For these reasons, it is vital to identify novel
yeast strains which are able to ferment a broad range of
sugars into ethanol. In this context, C. boidinii can be a
good alternative to conventional ethanol producers
such as S. cerevisiae because of its high acid tolerance
and broad range of sugar utilization capacity (Osawa et
al., 2009; Santana et al., 2018). However, despite its
potential, studies on the bioethanol production from C.
boidiini in the literature are very limited. For these
reasons, in the current study, the bioethanol production
of C. boidinii was compared to that of S. cerevisiae that
is the most commonly used ethanol-producing
microorganism for bioethanol production.

Investigation of food by-products which contain
lignocellulosic biomass is an important step for
environmental protection and bioethanol production
(Schieber et al., 2001). Pumpkin residues (PR) are rich in
carbohydrate, B-carotene, as well as cellulose and
hemicelluose. For these reasons, the main objective of
the current study is the evaluation of PR as a raw
material for bioethanol production.

Response Surface Methodology (RSM), one of the
statistical methods, is useful for making predictions that
are more accurate and require less experimental
datasets. When conventional methods are unable to
identify the combined impacts of all the variables, the
method also enables researchers to examine how
different variables interact (Yolmeh & Jafari, 2017;
Pereira et al., 2021). Due to its advantages, RSM is
commonly used in lignocellulosic pre-treatment and
bioethanol production research (Chen et al., 2020;

Manmai et al., 2021). Therefore, we used the same
trend and used RSM in the current study (Yolmeh &
Jafari, 2017; Pereira et al., 2021). Due to its advantages,
RSM is commonly used in lignocellulosic pre-treatment
and bioethanol production research (Chen et al., 2020;
Manmai et al., 2021). Therefore, we used the same
trend and used RSM in the current study (Yolmeh &
Jafari, 2017; Pereira et al; 2021). For the mentioned
reasons, during lignocellulosic pre-treatment and
bioethanol production studies RSM is widely applied
(Chen et al, 2020; Manmai et al. 2021). Because of the
mentioned reasons RSM was used for bioethanol
production optimization in the current study.

In the first part of the study, bioethanol
production, glucose and xylose assimilation capacities of
the different yeasts were tested. After that step,
fermentation conditions were optimized by RSM. During
the experiments, enzymatic hydrolysis rate were
increased with optimization and bioethanol production
of the yeasts were monitored. According to the results,
the novel isolate of C. boidinii produced more
bioethanol than model microorganism S. cerevisiae. This
isolate was also able to assimilate xylose as well as
glucose. To the best of our knowledge, this is the first
report about bioethanol production from pumpkin
residues used by C. boidinii.

Materials and Methods

Isolation, PCR and sequencing of yeast cells

The samples were collected from sugar factory
waste and were used for isolation studies. These
samples were centrifuged and spread (0.1 mL) on Petri
plates containing Potato Dextrose Agar (PDA/Merck-
Germany) media. PDA media was supplemented with
600.000 U penicillin, and were incubated at 30 °C. Cells
from microcolonies on these plates were isolated and
purified by streaking the cells repeatedly on the PDA
plates. The pure cultures were kept at +4 °C and were
transferred to fresh PDA media periodically. Purified
colonies were screened for their bioethanol production
capacities. The cell that showed the most promising
ethanol production capacity was identified. Sugar beet
molasses medium was used for screening. For this
purpose, 300 g/L sugar beet molasses was pre-treated
with 1.5% H2S04 (Merck-Germany), and autoclaved at
121 °C for 15 minutes (min). This stock medium was
diluted to 8% (v/v) with sterile distilled water. pH was
adjusted to 5 with 10 N NaOH (Merck-Germany). 1.0 g/L
(NH2)2504 (Merck-Germany) and 0.5 g/L KH2PO4 (Merck-
Germany) were added to molasses medium and 1 g/L
cells were inoculated to molasses medium. Incubation
time was set to 30 °C.

ITS regions were amplified with ITS1 and ITS4
primers (Glass & Donaldson, 1995). DNA extraction was
carried out with EurX GeneMATRIX Bacterial & Yeast
DNA kit (Poland). Thermo Scientific Nanodrop 2000
(Massachusetts/USA) was used for calculations of DNA
purity and concentration. PCR was conducted by initial
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denaturation at 94 °C for 1 min followed by 40 cycles of
denaturation at 95 °C for 45 seconds (s). Annealing was
performed at 57 °C for 45 s, and extension was carried
out at 72 °C for 60 s. MAGBIO “HighPrep™ PCR Clean-up
System” (AC-60005) were used for the PCR product was
purification. ABI 3730XL (Applied Biosystems, Foster
City, CA) with BigDye Terminator v3.1 Cycle (Applied
Biosystems, Foster City, CA) sequencing kit was used for
DNA was sequencing. Identification was performed by
an external laboratory (Refgen, Ankara, Turkey).

Pre-treatment of PR

PR was collected from the local market in
Ankara/Turkey. These PR were dried in an oven
overnight at 70 °C (Nuve/Turkey), and the dried residues
were grounded in laboratory type mill with a 0.1 cm
mesh size screen, and kept in a screw cap bottle until
used in the experiments.

1% H2SOas (Merck-Germany) was used for pre-
treatment experiments. PR was autoclaved in 121 °C
(ALP/CL-40M/Germany) for 15 min immediately after
acid pre-treatment. For the fermentation assays, this
slurry was filtered through Whatman No.1 paper and
used for fermentation experiments.

Enzymatic hydrolysis

Commercial cellulase CelliCTec2 (d: 1.15 g/mL, 121
FPU/mL, Sigma-Aldrich) and hemicellulase from
Aspergillus niger (0.3-3.0 U/ mg solid, Sigma-Aldrich)
were used for enzymatic hydrolysis. Cellulase
concentration was adjusted to 15 FPU/g cellulose and
hemicellulase loading was set to 15 U/mL. Enzymatic
hydrolysis was carried out at 50 °C and pH 4.8 in the
presence of 50 mM citrate buffer for 72 hours (h).
Agitation speed was adjusted to 100 rpm (Chen et al.,

g/L), CaCl> (Merck-Germany/0.1 g/L), and ZnSOs (Merck-
Germany/0.05 g/L).

Analytical methods

Ethanol content was measured with gas
chromatography (GC), (GC2010/Shimadzu/Japan).
Before GC analysis, 1.5 mL of samples were centrifuged
at 10000 rpm for 10 min (Hettich/320R/Germany). The
supernatant was filtered through 0.22 pm membrane
filter, and 1 pL of sample was injected through the SPL
unit. The Restek Rtx-Wax column (60 m length, 0.25 mm
ID.) and flame ionization detector (FID) were used for
ethanol detection. The temperature of the injection
port, and detector were set at 140 °C and 160 °C,
respectively. The initial column temperature was 50 2C,
and the column temperature was increased to 150 2C
within 19 min. Column flow was 1.86 mL/min, and
nitrogen was used as a carrier gas (Wistara et al., 2016).

The HPLC (Shimadzu/Japan) system with Coregel
87H3 (Transgenomic/USA) column and refractive index
detector (RID10A) were used for the detection of the
sugars, 5-hydroxymethylfurfural (HMF), acetic acid and
formic acid present in PR. Before the analysis, 1.5 mL of
samples were centrifuged at 10000 rpm for 10 min. The
supernatant was filtered through 0.22 uM membrane
filter. The column oven temperature was held at 70 2C,
and the total flow was set at 0.5 mL/min. 5 mM H32S04
was used as a mobile phase. Samples were analysed for
25 min (Motoda et al., 2019).

Total reducing sugar was determined by the DNS
method (Miller, 1959). Filter paperase unit (FPU) of the
enzyme was determined according to Adney and Baker
(2008). Theoretical ethanol vyields were calculated
according to Eq. (1) which was presented below (Kim &
Lee, 2007).

2012).

Response surface methodology

To evaluate the effects of independent variables
on the bioethanol production of the new isolate, The
Design Expert Software program (StatEase®) was used
for RSM (6 center points, 20 total run) was used. Total
20 runs were generated for RSM. Cellulase loading (15-
60 FPU/g cellulose), hemicellulase loading (15-60 U/mL),
and enzymatic hydrolysis time (24-72 h) were selected
as independent factors for RSM experiments. 1% H2S04
(v/v) pre-treatment was performed for all RSM
experiments because of its low cost and effectiveness
(Loow et al. 2016).

Fermentation experiments

The fermentation experiments were performed at
100 mL Erlenmeyer flasks with a working volume of 50
mL PR media. Incubation temperature was set to 30 °C
for 96 h at 100 rpm agitation speed. PR media was
supplemented with peptone (Merck-Germany/0.5 g/L),
yeast extract ((Merck-Germany/3.0 g/L), MgS0a.7H,0
(Merck-Germany/0.5 g/L), KH2PO4 (Merck-Germany/1.0

Eq.(1): ]
. 1 (0 = ethanol (gL™")
Theoretical ethanol yield (%) prep———rTy x 100
Volumetric ethanol productivity (Qp) was

calculated according to Eq. (2), as described as describe
in the research published by (Roca & Olsson, 2003).

Eqg. (2):

-1
I By — _ethanol gL ™)
QP (g/ ) hmaximum ethanol

Ethanol yields (Yr/s) were determined according to
Eq. (3) (GUnan Yicel & Aksu, 2015):
Eqg. (3):

maximum ethanol (gL 1)

YP/S (g/g) - consumed sugar (gL™1)
The cellulose concentration of raw PR was
determined according to the standard ISO protocol (ISO
5498-1981). Cellulose determination was performed by
an external laboratory, namely Diizen Norwest/Ankara.

Results and Discussion

Identification of yeast and effect of biomass loading
and inhibitory compounds on bioethanol production
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Table 1. Effect of increased PR loading on reducing sugar, inhibitory compounds and ethanol concentrations of C. boidinii and S.
cerevisiae (Pre-treatment conditions: 1% H,S04 at 121 °C for 15 min, pH: 5, fermentation time: 48 h)

Biomass loading (%, w/v)

10% 20% 30%

Reducing sugar (g/L) 43.6514.67 59.80+4.21 78.32+0.64
Acetic acid (g/L) 0.37+0.07 0.47+0.04 0.81+0.13
Formic acid (g/L) 0.14+0.00 0.20+0.01 0.38+0.06
HMF (g/L) 0.027+0.002 0.063+0.01 0.10+0.03

C. boidinii 8.55+0.32 21.00+1.31 26.57+3.06
Ethanol (g/L) .

S. cerevisiae 8.17+0.4 20.67+1.32 24.58+1.00

For sustainability, it is crucial to find and identify
novel bioethanol-producer microorganisms which can
grow in lignocellulosic feedstocks. In this context, the
isolation stage has vital importance. Therefore, the
yeast which showed the highest growth in PR medium
was selected and sequenced for identification.

Morphologically, yeast that used in the current
study are approximately 0.05 mm, smooth, and form
white colonies. Density of the cell is opaque and form of
the colonies is circular. Microscopically, the cell shape
was ellipsoidal budding. Whole cells from the
exponentially growing culture of the isolate were used
for internal transcribed spacers (ITS’s). According to the
sequencing results, the isolate showed 100% similarity
with one C. boidinii strain (ON409985.1) and has more
than 98% similarity with many other C. boidinii strains,
such as UCDFST:09-399, CBS:6202 or CBS7299.

Initial biomass loading is an important parameter
for the fermentation process. Moreover, higher initial
biomass loadings are desirable since they result in
higher sugar yields and lower production costs (Dutra et
al., 2018). For these reasons, three different initial
biomass loadings (10%, 20%, and 30% w/v) were tested
in order to determine their effects on reducing sugar
and ethanol concentrations. Results are presented in
Table 1. It was observed that increased biomass loading
caused higher sugar concentrations. The maximum
sugar concentration was obtained from a 30% initial
biomass loading at 78.32 g/L. On the other hand, 43.65
g/Land 59.80 g/L reducing sugar were found in 10% and
20% initial biomass loadings, respectively. These values
are similar to those reported by Mithra and Padmaja
(2017a), who obtained 40.56 g/L reducing sugar from
15% pumpkin peel when the biomass was pre-treated
with 1% H2S04 at 121 °C for 60 min.

During the experiments conducted with initial
biomass loading, the ethanol concentrations of C.
boidinii and S. cerevisiae were determined. Similar to
reducing sugar concentrations, increased initial biomass
loading resulted in increased ethanol production in both
tested yeasts. There was no significant difference
between the ethanol production of yeasts which are
21.00 g/L and 20.67 g/L respectively, at the end of 48 h
fermentation time. Furthermore, ethanol concentration
of C. boidinii increased to 26.57 g/L when the 30% initial
biomass was used. At the same conditions, 24.58 g/L of
ethanol was observed by S. cerevisiae (Table 1).

According to the results, the ethanol production
capacity of C. boidinii was slightly higher than obtained

from S. cerevisiae, which is the primary microorganism
for commercial ethanol production. These results clearly
indicate that C. boidinii is a promising agent for ethanol
production. Therefore, C. boidinii was selected for
further experiments in the current study.

Inhibitory compounds such as HMF, acetic acid, or
formic acid have a negative effect on microbial growth
and ethanol fermentation (Palmgvist & HahnH&gerdal,
2000). For these reasons, inhibitor concentrations of PR
were also identified in this part of the study. The results
in Table 1 demonstrate that higher biomass loading
caused increasing in inhibitor concentrations. The
highest acetic acid, and formic acid concentrations were
detected as 0.81 g/L and 0.38 g/L, respectively, in the
presence of 30% initial biomass loading. Nevertheless,
these inhibitor concentrations are low in comparison
with the literature (Parajé et al., 1998). Furthermore,
much lower HMF concentrations were detected in
comparison with acetic and formic acids. At 10% initial
PR loading, 0.027 g/L HMF was obtained, and this value
increased to 0.10 g/L when the initial PR loading
adjusted to 30%. According to the report of Santana et
al. (2018), C. boidinii metabolized more than 99% of the
HMF present in the hemicellulolytic hydrolysate of non-
detoxified cocoa pod husks. By this context, in the
current study, mild pre-treatment conditions, low
inhibitor concentrations of PR, and inhibitory tolerance
of C. boidinii may have caused the higher bioethanol
concentrations observed even in the presence of high PR
loading.

Although the highest sugar and ethanol
concentrations were observed in the presence of 30%
(w/v) initial PR loading, due to the mass transfer
limitations and water holding capacity of PR, further
studies were carried out in the presence of 20% (w/v)
initial PR loading.

Effects of enzymatic hydrolysis

Before enzymatic hydrolysis, 20% PR was
pretreated with 1% H2SO4for 15 min at 121 °C. The data
in Figure 1 depicts that enzymatic hydrolysis of 20% PR
loading caused higher sugar concentrations than 30%
initial PR loading without enzymatic hydrolysis. 81.58
g/L the reducing sugar was obtained from 20%
enzymatically hydrolyzed PR. A previous report in the
literature showed that dilute acid pre-treatment and
enzymatic hydrolysis of 10% PR resulted in 52.47 g/L
reducing sugar (Mithra & Padmaja, 2017b).
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In the current study, C. boidinii and S. cerevisiae
produced similar ethanol concentrations from PR.
However, the highest ethanol concentration was found
to be 29.19 g/L from C. boidinii at the end of the 48 h
fermentation time. S. cerevisiae produced 26.92 g/L
ethanol (Figure 1). These values are higher than the
report of Goncalves et al. (2013), who used C. boidinii
UFMG14 and found 12 g/L ethanol at the end of the
same fermentation period from the hemicellulosic
hydrolysate of macauba presscake. Furthermore, in the
current study, after 48 h of fermentation, the ethanol
concentrations of C. boidinii and S. cerevisiae declined to
24.43 g/L and 18.70 g/L, respectively. This decline may
be related to assimilating of accumulated ethanol.
Similar assimilation patterns were also reported
previously from C. boidinii (Vandeska et al., 1995) and
Pichia stipitis (Huang et al., 2009). Moreover, a
significant ethanol production difference was observed
between two yeasts in the early stages of fermentation.
For instance, C. boidinii and S. cerevisiae produced 8.17
g/L and 21.44 g/L of ethanol in 18 hours and 11.09 g/L
and 24.24 g/L of ethanol in 24 hours, respectively
(Figure 1). This difference can be explained by the
Crabtree effect. In Crabtree-positive yeasts such as S.
cerevisiae, alcoholic fermentation can be initiated when
aerobic and sugar-limited cultures are exposed to sugar
excess. On the other hand, this instantaneous response
is not observed in Crabtree-negative yeasts, such as C.
boidinii (Osawa et al., 2009). Therefore, prolonged
bioethanol production period can be attributed to
Crabtree-negative nature of C. boidinii.

—t— Reducing sugar (g/L) C. boidinii
—&— Ethanol (g/L) C. boidhnii

—0— Reducing sugar (@/L) S. cerevisiae
—8— Ethanol (g/L) 5. cerevisiae

90
80
T0

60

Reducing sugar (g/L)
153
Ethanol (g/L)

Time (hour)

Figure 1. Bioethanol production of C. boidinii and S. cerevisiae
in the presence of dilute acid pre-treated and enzymatically
hydrolyzed PR during the fermentation (Pre-treatment
conditions: 1% H,SO4 at 121 °C for 15 min, pH: 4.8, cellulase
loading: 15 FPU/g cellulose, hemicellulase loading: 15 U/mL,
initial PR loading: 20% w/v).

Kinetic parameters for bioethanol production
belonging to both yeasts were given in Table 2, and
kinetic parameters of C. boidinii were higher than those
of S. cerevisiae. The highest theoretical ethanol yield
from C. boidinii was 70.0%. On the other hand, S.
cerevisiae reached 64.5% of the theoretical ethanol
yields. At the end of the 48-hour fermentation period, C.
boidinii and S. cerevisiae generated 0.60 and 0.56 g/L.h.

of ethanol, respectively. The respective ethanol yields of
these yeasts were 0.46 and 0.42 g/g. These values are
higher than when NaOH and ammonia conditioned rice
straw was used in the literature (Lin et al., 2012). The
reason of higher yields may be the efficient recovery of
the xylose after dilute acid pretreatment.

Table 2. Kinetic parameters of C. boidinii and S. cerevisiae (Pre-
treatment conditions: 1% 447 H,SO4 at 121 °C for 15 min, pH:
4.8, cellulase loading: 15 FPU/g cellulose, hemicellulase 448
loading: 15 U/mL, fermentation time: 48 h, initial biomass
loading: 20% w/v)

Initial Theoretical

reducing (Et;\snol ethanol (Q‘;L h) I(P//S)
sugar (g/L) 8 yield (%) &/% &/8
C. boidinii 81.58+5.44 29.19+0.69 70.0 0.60 0.46
S.cerevisiae 26.92+0.31 64.5 0.56 0.42

Response surface methodology

Descriptive table of the independent variables and
response belong to the RSM are shown in Table 3. The
results of experimental runs with three independent
variables (cellulase loading, hemicellulase loading, and
hydrolysis time) and response (reducing sugar) are given
in Table 4. All experiments were performed in triplicate.

A polynomial quadratic equation for the reducing
sugar concentration is given in Eq. (4).

Final equation in terms of coded factors:

Eq (4). Reducing sugar (X) (g/L)=92.78 +6.46 * A +
3.01 *B+12.53* C—0.6650 * AB+1.64 * AC + 0.2425
*BC-5.71*A%?-6.07*B?+3.30*

Where X is the reducing sugar concentration (g/L),
A, B, and C are the coded values of cellulase loading
(FPU/g cellulose), hemicellulase loading (U/mL), and
hydrolysis time (hour), respectively.

Table 3. Types and levels of independent variables and

response used in RSM for pre-treatment of pumpkin residues

(Initial design: Central composite, Design model: Quadratic)
Experimental values

R F
esponse actors Lower Higher
A-Cellulase loading
1

(FPU/g cellulose) > 60

Reducing sugar  B- Hemicellulase loading 15 60
(s/L) (u/mL)

C- Hydrolysis time 24 7
(hour)

The effect of different parameters on the reducing
sugar concentrations of the PR were given in Figure 2. In
the response surface graphs, the relationship between
the variables and the response was investigated. ANOVA
for the model showed that the relationship between
variables was high with a good R? which was obtained as
0.9529. The lack of fit of the model which is a vital
criterion measuring the failure of the model for data
representation was also found to be not significant (F
value: 0.2797). A non-significant lack of fit is positive for
the model and sufficient to estimate response in the
presence of various variables (Yicel & Goycincik 2015).
Moreover, according to the model, all the criteria tested
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Table 4. Experimental responses for reducing sugar concentrations of pumpkin residues using central composite design of RSM
(Pre-treatment: 1% H,SO4for 15 min 121 °C, pH: 4.8, initial biomass loading: 20% w/v)

Run Factor 1 Factor 2 Factor 3 Response 1 Predicted

No A: Cellulase B: Hemicellulase C: Time Reducing sugar Reducing

FPU/ g cellulose U/mL (hour) (g/L) sugar(g/L)
1 60 37.5 48 92.50 93.52
2 15 37.5 48 83.25 80.61
3 37.5 37.5 48 93.89 92.78
4 37.5 60 48 92.56 89.72
5 37.5 37.5 48 91.46 92.78
6 37.5 37.5 48 89.53 92.78
7 60 15 24 75.51 74.48
8 15 60 72 91.21 92.64
9 37.5 37.5 48 90.10 92.78
10 37.5 37.5 72 108.86 108.60
11 60 60 24 77.9 78.69
12 37.5 37.5 48 88.19 92.78
13 60 15 72 102.82 102.33
14 37.5 37.5 24 84.91 83.55
15 60 60 72 107.8 107.51
16 37.5 375 48 100.24 92.78
17 37.5 15 48 82.48 83.69
18 15 60 24 69.49 70.39
19 15 15 72 85.19 84.80
20 15 15 24 62.82 63.52

were found as significant (p<0.0001). Furthermore,
hydrolysis time was observed as the most significant
parameter (p<0.0001) was followed by cellulase loading
(p: 0.0002) and hemicellulase loading (p: 0.0214). In
Figure 2a, 35-40 FPU/g cellulose and 35-40 U/mL
enzyme loading were observed as sufficient for the
sugar released from PR. Reducing sugar amounts did not
change dramatically above those enzyme
concentrations. This situation depicts the enzyme
substrate interaction reached its saturation point (Kim
et al. 2008).

On the other hand, hydrolysis time showed the
greatest impact on the sugar concentrations, and it was
observed that longer hydrolysis time resulted in higher
sugar concentrations for both enzymes (Figure 2b and
2c). Similarly, Gul et al. (2018) showed that longer
hydrolysis time caused higher saccharification efficiency
from Kallar grass. Furthermore, Kshirsagar et al. (2015)
found the optimal conditions for reducing sugar yield
from rice straw as 40 FPU/g enzyme and 17.50%
biomass loading for 72 h when the researchers used
RSM for the experiments.

o

Reducing Sugar (g/L)
Reducing Sugar (g/L)

B: Hemicelbulase (U/ml) A Cellulase (FPU/g ceflulose] A: Cellulase (FPU/g cellulose)

o

Reducing Sugar (g/L)

CTimef) > . 8: Hemicellulase (U/ml)

Figure 2. Effect of cellulase, hemicellulase and hydrolysis time
on reducing sugar concentrations of PR (initial biomass

loading: 20% (w/v), pH: 4.8, Pre-treatment: 1% H,SO, for 15
min 121 °C).

According to the RSM results, the highest reducing
sugar concentration was obtained as 108.86 g/L when
PR was hydrolyzed with 37.5 FPU/g cellulase, and 37.5
U/mL hemicellulase for 72 h. On the other hand,
increased enzyme loading did not cause higher sugar
concentrations, and 107.8 g/L reducing sugar was found
when the RS was hydrolyzed with 60 FPU/g cellulase,
and 60 U/mL hemicellulase for 72 h. Theoretically,
increased enzyme loading and extended incubation
periods result in higher sugar concentrations. However,
the relationship between enzyme loading and sugar
concentration may not be linear under all conditions.
Loss of the catalytic activity due to the product
inhibition, high viscosity and osmolarity or the feedback
mechanism may prevent the higher sugar
concentrations from increased enzyme loading.
Similarly, sugar decreasing trends with the increased
enzyme loadings were also reported from sugarcane
tops (Sindhu et al., 2014) or Paspalum scrobiculatum
bran residues (Balakrishnan et al., 2018). The results can
also be comparable with ethanol concentrations
obtained from sweet sorghum bagasse (Wang et al.,
2013) or kitchen wastes (Uncu & Cekmecelioglu, 2011).

Moreover, the maximum ethanol concentration
was observed at the end of 72 h. The ethanol
concentration of C. boidinii increased by 22% and
reached to 35.88 g/L under the optimized conditions
with RSM in comparison with the experiments carried
out without RSM (Figure 3).

Conclusion

Itis very important to investigate new raw materials and
microorganisms for renewable energy-producing
sectors for the sustainability. For these reasons, in the
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present study, the bioethanol production of newly
isolated C. boidinii was determined in the

—A—Reducing sugar (2/L) —a—Ethanol (g/L)

Reducing sugar (g/L)

0 24 48 72 96
Time (hour)

Figure 3. Bioethanol production of C. boidinii under
optimized conditions (initial biomass loading: 20% (w/v), pH:
4.8, cellulase loading: 37.5 FPU/g cellulose, hemicellulase
loading: 37.5 U/mL, enzymatic hydrolysis time: 72 h.

fermentation medium which was prepared with PR.
Results of the RSM experiments revealed that sugar
concentrations of PR increased from 59.80 to 108.86
g/L at the end of 72 h when 37.5 FPU/g cellulose and
37.5 U/mL enzymes were used. Moreover, under these
optimized conditions, the highest bioethanol
concentration was observed as 35.88 g/L. This study
shows that PR is a promising raw material and C.
boidinii is an appropriate agent for efficient bioethanol
production.
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Introduction

Glioblastoma

Abstract

Glioblastoma is a highly malignant brain tumor classified as grade IV with a poor
prognosis and approximately a year of survival rate. The molecular changes that trigger
primary glioblastoma are usually epidermal growth factor receptor mutations and
amplifications, Mouse Double Minute and TP53 mutations, p16 deletion, phosphatase
and tensin homolog and telomerase promoter mutations. In the vast majority of
glioblastomas, altered signaling pathways were identified as receptor tyrosine
kinase/Ras/PI3K, p53. Isocitrate dehydrogenase 1/2 mutations have also been
associated with poor prognosis in glioblastoma The treatment options are very limited
and complicated because of the diverse composition and heterogeneity of the tumors
and unresponsiveness to the treatments with the existence of barriers reaching the
brain tissue. Despite new trials, drug candidates that appeared effective in cell culture
or mouse models failed in the clinic. Recently, new sophisticated experimental
systems, including the those that mimic the tumor microenvironment, have started
being used by several research groups, which will allow accurate prediction of drug
efficacy. Tissue engineering strategies are also being combined with innovative cancer
models, including spheroids, tumorspheres, organotypic slices, explants, tumoroids,
and organoids. Such 3D systems provide powerful tools for studying glioblastoma
biology by representing the dynamic evolution of the disease from the early to the
metastatic stages and enabling interaction with the microenvironment. In this review,
we both enlighten the molecular mechanisms that lead to glioblastoma development
and detailed information on the tissue engineering approaches that have been used
to model glioblastoma and the tumor microenvironment with the advantages and
disadvantages. We anticipate that these novel approaches could improve the
reliability of preclinical data by reducing the need for animal models.

Glioblastoma (GBM) is a rare primary fatal brain
cancer type that originates from glial cells, which exist in
the central nervous system (CNS) (Uddin et al., 2020).
GBM, usually occurring in adults (constituting more than
60% of all brain tumors), is the most aggressive tumor of
the CNS, with a low survival rate and poor prognosis
even approximately 15 months after adjuvant
chemotherapy following surgical resection of current
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therapy (Montemurro, 2020; Rock et al., 2012). There is
a relationship between age and the incidence of the
disease since the research show that most GBM patients
are generally 65 years of age and older (Sasmita et al.
2018). The estimated prevalence among all primary
brain tumors is 4-8 per 100,000 people while this
prevalence is 250,000 cases globally (Nejo et al., 2020).
According to statistics from 2011 to 2015, the estimated
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yearly age-adjusted incidence of GBM in the United
States is 3.21 per 100,000 people, with the prevalence
depending on age and gender. It was determined that
men are 1.58 times more likely than women to develop
GBM. In respect of race or ethnicity, white people have
the highest incidence. The total incidence of GBM is
reported to be 9.23 cases per 100,000 population, with
the prevalence in the United States (Tan et al., 2020a).
GBM has malignant tumor characteristics such as
atypical cells, nuclear hyperchromasia, increased mitotic
figures, angiogenesis, and necrotic areas with high
vascularity. The infiltrative nature of GBM complicates
treatment and reduces the effect of chemical agents. In
addition, its direct effects on the neurological function
of the brain, psychological health, and quality of life also
cause problems in treatment (Reardon & Wen, 2006).
GBM is known to be derived from glial cells; however,
neural stem cells, at the stage of differentiation into glia,
may also give rise to cancer development. Because of
the active DNA repair and regeneration features, GBM
stem cells are hard to treat (Stoyanov et al., 2018a). As
of 2016, GBM tumors are classified by the WHO as 90%
Isocitrate dehydrogenase (IDH)-wild type and 10% IDH 1
and 2 mutants, when compared to the wild type, mutant
IDH 1 and 2 have a better prognosis (Batash et al., 2017).
GBM tumors can be found in any region of the CNS
as primary and secondary types of malignant and non-
malignant tumors (Nejo et al., 2020). Those types have
different genetic pathways, so their influence on
patients varies as to patients' ages (Sasmita et al., 2018).
Primary GBM accounts for more than 80% of GBM and
arises from neural stem cell precursors, whereas
secondary GBM arises from mutations of grown neural
cells (Stoyanov et al., 2018a). Primary GBM has been
linked to epidermal growth factor (EGF) overexpression,
phosphatase and tensin homolog on chromosome ten
(PTEN) mutation, cyclin-dependent kinase inhibitor 2A
(CDKN2A) deletion, and, less frequently, murine double
minute 2 (MDM2) amplification (Ohgaki et al., 2004).
The tumor protein 53 (p53) mutation is commonly found
as a precursor in secondary GBM (Kleihues & Ohgaki,
1999). While primary GBMs are seen in older patients
with an average age of 62, secondary GBMs originate
from lower-grade astrocytoma or oligodendroglioma
generally indicate in the frontal lobe and are seen in

younger patients with an average age of 45 (Shah et al.
2021). IDH1 and IDH2 are found in approximately 70%
of secondary GBM and low-grade glioma, although they
occur in less than 10% of primary GBM (Zeng et al.,
2015). The prognosis of primary GBM is not as good as
that of secondary GBM. The standard care for GBM is to
apply surgery following radiotherapy in combination
with concomitant and up to six maintenance cycles of
temozolomide chemotherapy to the majority of newly
diagnosed patients (le Rhun et al., 2019) (Figure 1).

Glioblastoma Molecular Mechanisms

70% of IDH-wild-type GBMs carry EGFR
amplification and Telomerase Reverse Transcriptase
(TERT) promoter mutations (Brennan et al., 2013). TERT
promotor mutations result in the creation of new ETS
(Erythroblast Transformation Specific) transcription
factor binding sites and increased TERT activity,
promoting TERT transcription and, thereby, tumor cell
immortalization (Horn et al., 2013). TERT mutations that
reduce survival probability increase TERT expression and
are exclusive to ATRX mutations found in IDH mutant
astrocytic gliomas. The TERT promoter mutation is
found in oligodendrocytic tumors with the 1p/19q
deletion in IDH-mutant GBM. Eribulin, a tubulin
polymerization inhibitor, has been shown to reduce
TERT activity in GBM models, justifying its clinical
exploration (Takahashi et al., 2019). Furthermore, in
adult GBM, proto-oncogenes have impressed on the
EGFR, platelet-derived growth factor receptor A
(PDGFRA), and hepatocyte growth factor receptor
(HGFR) genes, as well as the cyclin-dependent kinase
genes CDK4 and CDK6, and the murine double minute
genes MDM2  and MDM4. Overexpression,
amplification, and mutation can cause EGFR phenotypic
alterations in GBM, and nearly 50% of EGFR-enhanced
GBM have the potential to carry a deletion mutation.
EGFR amplification can occur via transcription or RNA
insertion and correlates with the presence of EGFR
protein variants. One specific variant of EGFR, EGFRuvIII,
has a deletion in the N-terminal ligand binding site
between amino acids 6 and 273 and leads to ligand-
independent activation of EGFR and is a constitutively
active potential neoantigen. The therapeutic usage of
conventional tyrosine kinase inhibitors like gefitinib is

IDH 1/2

Normal cell Tumor Cell

TERT promoter mutation,
EGFR amplification,
ATRX mutation,

pa3 mutation,

PTEN mutation Primary GBM

Figure 1. Mutations observed in glioblastoma.



Biotech Studies 33(1), 52-66

54

limited due to the particular character of EGFRvIII, and
it is therapeutically important that EGFRvlll has a
therapeutic effect against malignancies. Protein Kinase
A (PKA)-dependent phosphorylation of DOCK180, a Racl
guanine exchange factor, is mediated by EGFRUVIII. In a
cell line expressing EGFRVIII, overexpression of mutant
DOCK180 lacking the S1280 phosphorylation site
reduced receptor-stimulated proliferation and survival.
Although EGFRUvIII-specific PKA phosphorylation may be
a good therapeutic target if it can be inhibited by the
EGFRvIII/PKA/DOCK180 interaction, EGFRvIIl is not
associated with overall median survival, except in cases
with survivors of more than one year, which limits the
therapeutic value of this target (Carlsson et al., 2014).
The failure of EGFR tyrosine kinase inhibitors to show
single-agent action has been reviewed in numerous
publications, and it is not certain that the medications
will limit the pathway's activity even if they reach the
tumor site (Peralta-Arrieta et al., 2022). In another
study, expression of EGFR or EGFRvIIl was targeted in
EGFRvllI-positive recurrent GBM within the vaccine
called rindopepimut, which produces a viability signal
when combined with bevacizumab, but failed in phase
Il in newly diagnosed patients (NCT01498328) (Weller
et al., 2017). Also, when combined with temozolomide,
depatuxizumab mafodotin, an antibody-drug
combination consisting of an EGFR antibody ABT-806
linked to monomethyl auristatin F, was expected to be
active in GBM with EGFR amplification, but it was
ineffective (NCT02573324). While EGFR amplification is
maintained throughout the disease, the loss of EGFRvIII
expression observed as a result of phase Il indicated
that EGFRvIIl expression may not be stable suggesting
that chimeric antigen receptor (CAR) T cells or bispecific
T-cell-binding antibodies targeting EGFRvIIl may not
work as well (Gedeon et al., 2018; O’Rourke et al., 2017;
Van Den Bent et al., 2015).

p53 is a tumor suppressor protein and initiates
apoptosis when DNA damage cannot be repaired. The
p53 mutations lead to the transition from low-grade
astrocytoma to high-grade GBM. Induction of apoptosis
and enhanced survival in a mouse model after normal
chemotherapy have been demonstrated in recent gene
therapy research with nanoparticle delivery of the p53
gene targeting GBM and cancer stem cells. However,
this has not been evaluated in human trials. The fact that
PAX3, a member of the PAX gene family and acting in a
p53-dependent manner to inhibit apoptosis, is up-
regulated in many cancer types, including GBM,
suggesting that it might be a potential oncogene. PAX3,
which is an important factor in the differentiation of
NSCs into astrocytes, can be considered as a diagnostic
marker in GBM treatment (Zhu et al., 2018). PTEN
mutations or deletions were discovered in more than
half of the samples in primary tumors expressing mutant
p53, indicating that GBM development is characterized
by several concurrent tumor suppressor alterations
(Zheng et al., 2008). Neutralization studies focused on
MDM?2 or MDM4 gene amplification are ongoing for

patients with impairments in p53 function
(NCT03107780) (le Rhun et al., 2019). PTEN is a tumor
suppressor of phosphatase that is essential for cellular
homeostasis. Mutations in PTEN are found in 5 to 40%
of GBM cases and may be a prognostic indicator in
patients over the age of 45 (Srividya et al., 2011). PTEN
protects the neural stem cell population by blocking cell
cycle entry under normal conditions, while PTEN null
mutants are more sensitive to growth stimuli and more
prone to proliferation than wild-type neural stem cells
(Groszer et al., 2006). PTEN levels are positively
connected with patient survival; hence, it could be a
useful diagnostic tool (Ermoian et al., 2002). The loss of
PTEN can be seen in the IDH-wild-type of GBM tumors,
resulting in excessive activation of the PI3K/AKT and
mammalian target of rapamycin (mTOR) signaling. By
suppressing protein metabolism, the PI3K/AKT/mTOR
pathway regulates anabolic pathways in the cell and
controls tumor formation. mTOR controls PTEN loss by
phosphorylating p70S6 kinase 1 (S6K1) and elF4E
binding protein (4EBP), which are activated and
inactivated, respectively.  Accordingly, = mutated
oncogenic PI3K subunits increase. The PI3K/mTOR
pathway is unavoidably changed as a result of the loss of
tumor suppressor phosphatase and PTEN mutation.
Activation of the PI3K/mTOR pathway suppresses
autophagy and impairs proteasome function (Benitez et
al., 2021). PI3K/AKT/mTOR pathway activates mutations
in phosphatidylinositol- 4,5-bisphosphate 3-kinase
catalytic subunit alpha (PIK3CA), which encodes the
catalytic subunit pl110 alpha (p110a) and in
phosphoinositide- 3-kinase regulatory subunit 1
(PIK3R1), which encodes the p85a regulatory subunit.
This pathway has been used with standard TMZ and
chemotherapy treatment or in place of TMZ in patients
with MGMT promoter-unmethylated GBM. As a result,
no efficacy was observed, but mTOR inhibitors were
slightly tolerated despite TMZ (Ma et al., 2015; Wick et
al., 2016).

The MET, FGFR, and AXL genes are three
independently acting receptor tyrosine kinases (RTKs)
that are linked to cancer cell proliferation. MET gene
encoding the hepatocyte growth factor receptor plays
an important role in the migration and invasion of
glioma cells in response to the inhibition of angiogenesis
and hypoxia (Li et al., 2011). However, inhibition of MET,
whose amplification has been proven in crizotinib
treatment, does not affect the disease (Chi et al., 2012;
Wen et al., 2011). Some IDH-wild-type GBM cases have
oncogenic fusions between fibroblast growth factor
receptor (FGFR) and transforming, acidic, coiled-coil-
containing protein (TACC) genes, serving constitutive
kinase activity. This fusion could be a target for drugs
that inhibit FGFR (Perry & Wesseling, 2016).

Vascular endothelial growth factor (VEGF or VEGF-
A) is an important signalling molecule of the nervous
system and is responsible for GBM angiogenesis.
Glioblastoma stem-like cells (GBSCs) are
micrometastases that are formed after primary GBM
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lesions are surgically removed. These small tumor cells
have the potential to be used as therapeutic targets.
GBSCs lead to tumor formation as a result of up-
regulated signal pathways to protect NSC
characteristics. Cellular responses are mediated by VEGF
Receptor 1 (VEGFR1, Fltl) and VEGFR2 (KDR/FIk1)
expressed on the surface of GBSCs. Cytokines (e.g., HGF,
VEGF, PDGF, and PIGF) produced by endothelial cells can
alter the biology of cancer stem cells by stimulating the
survival of the adjacent cancer stem cells.
Simultaneously, as GBM grows rapidly, it begins to be
deprived of oxygen, resulting in hypoxia. During hypoxia,
inducible transcription factors like hypoxia-inducible
factors (HIFs) can stimulate VEGF secretion, and VEGF
upregulation has a negative impact on therapy. An
increase in VEGF has been shown to promote
tumorigenesis in human GBSCs (Xu et al., 2013). Under
hypoxic conditions, HIFs could be a potential upstream
regulator of PAX3 in differentiated GSCs (Zhu et al.
2018). Bevacizumab, a drug approved by the Food and
Drug Administration (FDA), is still being studied for its
effect on tumor dynamics, despite showing good
survival results. Subgroups of patients who benefited
from bevacizumab's long survival were difficult to
identify, and researchers were unable to develop a
model in which VEGF could be targeted. Other VEGF
inhibitors, such as cediranib, have also been shown in
randomized clinical trials to be ineffective (Batchelor et
al., 2013; le Rhun et al., 2019).

Transforming growth factor-B (TGF-B) regulates
cell proliferation, differentiation, and apoptosis, and
binds and activates a membrane receptor
serine/threonine kinase complex that, when activated,
phosphorylates several Smad family proteins, such as
Smad2, which prognostically adversely affects GBM.
TGF-B stimulates the expression of genes that control
the cell cycle and the extracellular matrix (ECM), such as
plasminogen activator inhibitor (PAIl)-1 and PDGF. TGF-B
also activates important tyrosine kinase receptor (TKR)
effector pathways, such as PKB/AKT and ERK,
independently of Smad. TGF-B is thought to be a tumor
suppressor factor, and the mutations it acquires as a
result of antiproliferative effects facilitate its pro-
tumorigenic activity (Frei et al., 2015). TGF-B 1/2
proteins have been identified as key molecules in the
immunosuppression of GBM. Although TGF-B inhibition
has shown promising results in animal studies, clinical
translation of TGF-B targeting using TGF-2 specific
antisense oligonucleotides or tyrosine kinase inhibitors
targeting TGF-B receptor Il has been unsuccessful with
galunisertib. The limited dose limit of TGF-B receptor
inhibitors due to toxicity makes them difficult to use in
clinical studies (le Rhun et al., 2019).

Human Ras genes (Rat Sarcoma), such as H-Ras, N-
Ras, and K-Ras, are oncogenes, and their activation and
deactivation are regulated by binding to guanosine
triphosphate (GTP) or guanosine diphosphate (GDP), as
it is a G protein. Activation of RAF kinase by Ras
regulates some signaling pathways, including mitogen-

activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (P13K)/Akt pathways, and
is an effective factor in the regulation of cell
proliferation, signal transduction, apoptosis, and
tumorigenesis. Raf is activated after growth factor
signalling driven by EGFR (epithelial growth factor
receptor) and PDGFR (platelet-derived growth factor
receptor), and by this way it regulates Ras activity. The
Ras/MAPK pathway disruption has been shown to cause
aberrant cell proliferation and, ultimately, cancer. The
increase in the expression levels of Ras, EGFR, PDGFR,
and other receptor tyrosine kinases. Therefore, it was
concluded that the Ras/MAPK pathway can be targeted
for the treatment of GBM (Mao et al., 2012).

Signal transducers and activators of transcription
(STAT) protein complexes, a family of Src Homology-2
(SH2)-dependent proteins involved in the function of
transcription factors, activate transcription of target
genes having roles in proliferation and apoptosis. STAT3,
one of the STAT proteins activated by EGF, is
upregulated in GBM and has an important role in the
development of astrocytes. STAT3 may also function as
a tumor suppressor in GBM. Numerous metalloenzymes
and zinc-dependent transcription factors use zinc as a
catalytic/structural  component. Research has
established a connection between zinc levels and the
risk of cancer, and it has been observed that the zinc
transporter (ZIP4) is upregulated in cases of human
pancreatic cancer. Upregulation of ZIP4 in cancer cells
enhances cell proliferation, and overexpression of ZIP4
increases Interleukin 6 (IL-6) transcription via cyclic
adenosine monophosphate response element binding
(CREB), which activates STAT3 and raises cyclin D1
production. Studies have shown that ZIP4 is
overexpressed in GBM and that new therapeutic targets
may emerge in the control of malignancy by targeting
relevant molecular activities (Mao et al., 2012).

Secondary GBM is defined by mutations in the
metabolic enzymes isocitrate dehydrogenase 1 and 2
(IDH1/2), which are also genetic markers for GBM. IDH-
1 mutations are found in the active site, where somatic
point mutations prohibit the enzyme from successfully
converting isocitrate to alpha-ketoglutarate and can
cause a drop in enzyme efficiency or an increase in
enzymatic performance depending on the substrate.
Furthermore, in 90% of cases, the arginine at codon 132
is replaced by a histidine (Yan et al., 2009). The R132H
mutation allows IDH-1 to convert alpha-ketoglutarate to
2-hydroxyglutatate (2HG), an onco-metabolite (Jin et al.,
2013). 2HG levels can be identified using magnetic
resonance thus it could be a good biomarker for IDH-1
mutations. The studies about the IDH inhibitors were
proven to be successful in glioma xenografts; IDH-1 is
now being targeted for therapeutic usage. Drug
candidate AG-120 is currently undergoing a phase Il trial
(clinicaltrials.gov; NCT04056910). In patients over the
age of 55, IDH-R132H mutation is used to differentiate
between IDH-wild-type and IDH-mutant GBMs.
Sequencing is usually recommended if the result is
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negative in young patients. Copy number gains on
chromosome 7, monosomy of chromosome 10,
mutations in the phosphatase and PTEN tumor
suppressor gene homozygous deletion of the cyclin-
dependent kinase inhibitor 2A and 2B (CDKN2A/p14ARF
and CDKN2B) loci on 9p21, and TERT promoter
mutations are all common in IDH wild-type tumors. A
phenotype of CpG island hypermethylation may also
characterize a subset of IDH-mutant glioblastomas, with
promoter methylation at numerous loci. Under grade IV
gliomas, the WHO 2016 classification added a new
subtype: H3F3A or HIST1H3B/C K27M (H3-K27M)-
mutant diffuse midline gliomas. They are most common
in children and young adults and have an extremely poor
prognosis. These tumors were previously classified as
glioblastomas, but they are now considered a distinct
entity (Tan et al.,, 2020a). Advances in genomic
sequencing are helping to shape personalized treatment
for GBM. To create integrated analysis on a shared
dataset, The Cancer Genome Atlas (TCGA) has made
public genomic databases of more than 20 tumors. In
GBM, a Neurotrophic Tyrosine Kinase Receptor Type 1—
Neurophacin gene fusion was discovered using TCGA
RNA-Seq data. This gene fusion boosted the
proliferation of 3T3 cells in vitro, implying a carcinogenic
role (J. Kim et al., 2014). The utilization of huge
databases like TCGA has made oncogenic gene fusion
analysis a burgeoning subject. However, the TCGA GBM
dataset provides potential prognostic utility in addition
to oncogenesis targets (Q. Zhao et al., 2015). The
histological grade is critical in determining
postoperative management. Adjuvant radiotherapy
and/or chemotherapy are used to treat grade Il
gliomas. Treatment may be postponed in patients with
grade Il lesions wuntil the disease progresses.
Furthermore, patients with IDH mutant astrocytic
gliomas and [IDH and TERT promoter mutant
oligodendrogliomas had different overall survival rates
(Masui et al., 2016).

Some methylated promoters in GBM cause
changes in the expression of tumor suppressor genes
such as PTEN, pRB, and p53. O(6)-methylguanine-DNA
methyltransferase (MGMT), which is seen in 40% of
primary GBMs, is one of the important markers for GBM.
Silencing of the DNA repair enzyme MGMT gene
promoter is associated with being a marker of DNA
methylation, and MGMT predicts a favorable outcome
in patients with GBM due to its sensitivity to alkaline
chemotherapy agents. The reinstatement of guanine
from O-6-methylguanine, the type of genomic lesion
induced by alkylating agents used for chemotherapy
drugs such as temozolomide, may be explained by the
sensitivity of MGMT to alkaline chemotherapy agents.
Studies have shown that treatments with alkaline agents
give more positive results. Poor survival on treatment is
associated with unmethylated tumors, confirming the
predictive value of MGMT promoter methylation for
response to chemotherapy in IDH1/2 wild-type GBMs.
MGMT promoter methylation used as a predictive

marker in elderly patients determines the best therapy
and inclusion of TMZ. Patients with MGMT methylation
are divided into those who require only radiotherapy
(patients with MGMT promoter unmethylated tumors)
and those who require TMZ chemotherapy or a
combination of TMZ and radiotherapy (patients with
MGMT promoter-methylated tumors). Treatment with
TMZ separately from the detecting MGMT methylation
in non-elderly GBM patients remains controversial, and
patients' pseudoprogression (PsPD) may be beneficial
for their MGMT methylation status. PsPD appears as an
increase in tumor size on radiological imaging with
standard (radiotherapy and TMZ) therapy. While not
triggering any symptomes, it is found in 91% of patients
with a methylated MGMT promoter and 41% of patients
with an unmethylated MGMT promoter (Aldape et al.
2015).

Treatment Strategies

Although there is a lot of information about the
molecular mechanism of GBM, there is still no definitive
and effective treatment technique due to its
localization, complexity, and heterogeneity (molecular
subtypes: neural, proneural, classical, and
mesenchymal) (Alifieris & Trafalis, 2015b; Bruns et al.,
2021). While radiation applied five times a week for six
weeks and the daily oral chemotherapy drug TMZ are
the most effective standard treatment options after
surgical resection, targeting the pathways specified in its
molecular mechanism may create better treatment
options for GBM. Individualization of treatment will
produce the best positive outcome, as treatment
depends on several factors, such as time of diagnosis,
new onset or relapse, performance status, and age of
the patient. Among the chemotherapy agents used in
GBM are the combination of carboplatin, irinotecan,
carmustine (BCNU), etoposide and procarbazine,
lomustine, and vincristine regimen (PCV). Based on the
outcomes of this phase Il phase of GBM therapy, it has
been shown that certain combinations represent an
improvement in some GBM inhibitors, such as EGFR,
mTOR, and angiogenesis medicines (Alifieris & Trafalis,
2015a; Mao et al., 2012). Surgery is an essential
component of standard care as it overcomes many
things such as reducing tumor burden, controlling
seizures, reversing neurological deficits, introducing
local therapeutic agents, and improving quality of life
(Kardan & Satter, 2016). Surgical resection is divided
into two classes as gross total resections, which is
generally recommended, and subtotal resection. Since
GBM is a locally invasive tumor, it cannot be completely
cured by surgical resection, and is observed that 80% of
the disease recurs approximately in seven months (Scott
et al., 2011). Patients with a better prognosis may be
younger, have a lower tumor volume, and have
acceptable functional status prior to surgery (Nam & De
Groot, 2017). The effect of surgical resection depends
on the location of the tumor in the brain and regions
such as the cortex, brain stem or basal ganglia are not




Biotech Studies 33(1), 52-66

57

suitable for surgical resection. Such dangerous areas
have a negative impact on prognosis (Scott et al., 2011).

Radiotherapy is one of the treatment methods
used to destroy the remaining tumor cells after surgical
resection and has been found to correlate with the
increased median survival rates, especially when GTR
(gross total resection) could not be performed. In
standard therapy, 60 Gy is given in 2-Gy fractions five
times a week for six weeks. Hypofractionated
radiotherapy is administered at a biologically equivalent
dose of 40 Gy, given in fractions of 2.67 Gy for three
weeks, because long-term radiation is not suitable for
patients aged 70 years and older with a poor prognosis.
Hypofractionated radiotherapy results in better survival
when administered with an alkylating agent usually
preferred in the first-line therapy, temozolomide (TMZ).
In elderly patients with MGMT promoter methylation,
radiation-free temozolomide alone is used, and re-
irradiation is an option in selected situations at relapse
(Tan et al., 2020b). Because EGFRvIIl upregulates DNA
double-strand break repair machinery, imparting
cellular resistance to such treatments, EGFRvIII
inhibitors may increase overall tumor susceptibility to
radiation therapy, which can be an issue in GBM.
Gamma knife therapy brings stereotactic high doses of
radiation to the targeted GBM area, but it is considered
ineffective in the treating primary tumors due to the
excessively large tumor volume (Carlsson et al., 2014).
Radiation therapy has some limitations and risks
associated with its invasive nature, necrosis, permanent
neuron damage, and radioresistance (Smith et al.
2001). Recent radiation-based therapies to be evaluated
in patients with malignant gliomas include intensity-
modulated radiation therapy and boron neutron
capture therapy (Norden & Wen, 2006).

Various chemotherapeutic agents have been
tested to improve the survival rate of GBM patients and
have evolved, mostly with the approval of TMZ, an
alkylating agent for newly diagnosed GBM. Apart from
TMZ, active alkylating agents such as carmustine (BCNU)
and lomustine (CCNU) have also been tested (Alifieris &
Trafalis, 2015b). BCNU and CCNU are very cytotoxic and
have many side effects. Drugs such as carboplatin,
oxaliplatin, etoposide, and irinotecan are known as
second-line drugs. Other chemotherapeutic drugs of
GBM include anti-VEGF monoclonal antibodies
(Bevacizumab), anti-FGF antibodies, monoclonal
antibodies targeting EGFR (Erlotinib and Gefitinib), and
tyrosine kinase inhibitors (lacob & Dinca, 2009).

A more effective treatment could not be
developed after the standard GBM treatment (TMZ +
radiation therapy) was introduced in 2005. The anti-
VEGF antibody bevacizumab has been approved by the
FDA for recurrent GBM, but survival has not improved in
phase lll studies. One of the challenging aspects of
establishing a treatment for GBM is the physical barrier,
the blood-brain barrier (BBB). The blood-brain barrier
(BBB) consists of various proteins, including claudins,
occludins, and junctional adhesion molecules, which

form tight junctions that connect capillary endothelial
cells. The BBB only allows the passage of molecules <500
Da and <400 nm, and provides passive diffusion of
lipophilic molecules. Other molecules can cross the BBB
via pinocytosis, receptor or carrier proteins. BBB and its
homeostatic balance are supported with ATP-binding
cassette transporters (e.g., multidrug resistance-1
(MDR1), P-glycoprotein, breast cancer resistance
protein, and numerous other drug resistance proteins)
that are expressed on vessel walls. In high-grade neural
cancers such as GBM, the BBB is heterogeneously
disrupted. With heterogeneity, tumor vessels form
niches with different permeability to oxygen, nutrients,
and drugs. GSCs are located in the perivascular hypoxic
niches of the brain and are important for cytotoxic
therapies. Many drugs do not pass the BBB adequately.
For example, the PI3K/AKT/mTOR pathway is one that is
activated in approximately 30% of GBMs. However, a
certain amount of the developed drugs can pass through
the BBB, which makes the treatment unsuccessful.
While clinical trials are ongoing for inhibitors of the PI3K
pathway, GDC-0068, and GDC-0084 (NCT02430363 and
NCT03522298), it is not yet clear whether these failed
results are due to poor BBB penetration or tumor
heterogeneity (Ou et al., 2021).

Temozolomide (TMZ) is the most preferred oral
drug in the chemotherapy of GBM as a pro-drug capable
of crossing the BBB with an alkyl group. TMZ initiates
apoptosis by adding methyl groups to bases in DNA, but
more than half of patients with GBM are resistant to
TMZ because they have the 06-methylguanine
methyltransferase (MGMT)-based repair system. In this
defense mechanism, damaged alkylated guanine
nucleotides are repaired by transferring the methyl at
the 06 site of guanine to its cysteine residues. Thus, TMZ
might fail to kill cancer cells due to elevated DNA repair.
In recurring GBM, TMZ also fails as there is acquired
resistance (Karachi et al., 2018). The side effects of TMZ,
such as toxicity in the blood and nausea, are milder than
the side effects of other tested drugs (Chua et al., 2019).
TMZ is stable at acidic pH levels, while it is unstable at
basic pH levels. It is easily absorbed in the circulation
due to its 194 Da weight and spontaneously
decomposed to generate monomethyl triazene 5-(3-
methyltriazen-1-yl)-imidazole-4-carboxamide  (MTIC).
Activated MTIC methylates DNA in guanine-rich regions
(Denny et al., 1994; Tsang et al., 1990).

In a controlled study for Lomustine (CCNU;
chloroethyl cyclohexyl nitrosourea), another FDA-
approved drug for the treatment of GBM, the median
survival time was noted as 11.5 months. CCNU has been
shown to induce apoptosis by cross-linking DNA and
RNA, and is currently used for patients with recurrent
GBM and patients with the unmethylated MGMT repair
system. Its combination with bevacizumab did not
provide an extra advantage in terms of patient survival.
When the PVC (P: procarbazine, C: lomustine, V:
vincristine) treatment determined by the FDA for GBM
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was compared with TMZ, survival rates were found to
be similar (Fisher & Adamson, 2021).

Carmustine (BCNU; bis-chloroethyl nitrosourea) is
another FDA-approved alkylating agent with an average
survival of 11.75 months and is used in the treatment of
recurrent GBM. In addition to cross-linking of DNA and
RNA, it also binds to lutathione reductase, inducing
apoptosis. Among the toxicities it shows, the most
common ones are pulmonary, ocular, and bone marrow
toxicities. It is administered intravenously (dose ratio:
150-200 mg/m2) every 6 weeks. Like carmustine,
carmustine wafer implants are FDA-approved for GBM
and contain 7.7 mg of BCNU per wafer (8 doses
recommended). The aim of the treatment, which is
applied directly to the tumor resection cavity, is to
reduce toxicity, and it has been observed to significantly
improve survival. BCNU wafers are not used as standard
care because of their high cost and high complication
rates (Fisher & Adamson, 2021).

Bevacizumab (BVZ) received FDA approval in 2009
following favorable outcomes in Phase Il trials for the
treatment of recurrent GBM. VEGF produced in tumor
cells regulates blood vessels and cell growth. BVZ
inhibits the binding of VEGF-A to the cell surface VEGF
receptor tyrosine kinases VEGFR1 and VEGFR2, thereby
arresting GBM progression. BVZ shows anti-vascular and
anti-edema effects by reducing vascularity (M. M. Kim
Umemura, and Leung 2018). When BVZ and TMZ were
compared with TMZ alone, no extra benefit was seen,
on the contrary, side effects were increased. In addition,
cytotoxic drugs such as etoposide and carboplatin are
not FDA-approved, although they show benefits for
recurrent GBM when administered with BVZ. BVZ, which
is still used to treat symptomatic edema and radiation
necrosis, also reduces the need for steroid medications
and their negative effects (Fisher and Adamson 2021).

Tissue Engineering Strategies to Study Glioblastoma

Tissue engineering (TE) aims to create new tissue
or organ by combining a large number of cells together
with biocompatible materials and cell transplantation
fields for the treatment of damaged tissue or organ
(Duvall et al., 20133, 2013b; Enderle & Bronzino, 2011).
The fields of biomaterials, three-dimensional (3D)
printing  technologies, nanotechnology, induced
pluripotent stem cells (iPSCs), and gene editing
technologies (such as clustered regularly interspaced
short palindromic repeats, CRISPR) are technologies that
TE benefits from and are important for modeling disease
and treatment modalities. In this way, organoids and 3D
tissue studies are carried out, the control and
manipulation of cells in the environment are taken
under control, and developments in the field of
personalized therapy are experienced. Thus, serious
diseases such as cancer became more understandable,
and improved treatments were found for many
diseases. The use of 3D models is also advantageous in
terms of reducing animal experiments (Figure 2)
(Chandra et al., 2020).
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Figure 2. 3D in vitro culture strategies for glioblastoma
research.

Numerous novel antineoplastic medications have
been used in the realm of cancer biology. The resistance
mechanisms of various cancer types have been
elucidated, aided by bioinformatics profiling.
Additionally, the effectiveness of anticancer drugs has
been assessed in vitro using single-layer cancer cell lines.
However, the monolayer does not provide a result
beyond prediction as to whether the findings will be
conclusive information for the clinic. The obvious reason
for this is that cells are pulled out of their existing
microenvironment, such as the ECM, soluble signals, 3D
structure, stromal cells, and disordered
microvasculature that surrounds tumor cells in vivo.
Tumor growth in humans is complex, and the
microenvironment of the tumor is better understood in
animal models. However, animal models and the results
of in vitro tests may not provide definitive solutions. In
this direction, 3D in vitro cancer models have been
developed, and the most widely used model is the
human tumor spheroid (Figure 2). The purpose of using
spheroids with features such as cell morphology and
gene expression is for preclinical testing of anticancer
drugs. Biological gels exhibit the microenvironment of
the 3D cancer model to a greater extent than spheroids.
Polymer matrices have been used recently and emerged
as a technique by which the 3D cancer environment can
be better adjusted as a substrate. Polymer matrices 3D
development confers treatment resistance to cells in
this system (Burdett et al., 2010). In conclusion, being
able to mimic the GBM microenvironment is a crucial
point for in vitro models and the generation of new
treatments. The microenvironment of GBM includes
astrocytes and oligodendrocytes mentioned in the
previous sections, as well as ECM proteins,
glucosaminoglycans, soluble signals, and extracellular
vesicles that trigger ECM release and cell migration.
During tumor formation, low levels of fibrous proteins
(collagen, laminin, and hyaluronic acid) are upregulated.
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Thus, the ECM concentration rises from 20% to 48%
(Bruns et al., 2021).

There are successful 3D models for GBM that have
been developed over time. Tumoroids developed in
GBM tissue or cancer stem-like cells (CSLCs),
organotypic slices developed with cells isolated from the
brain or grafting spheroids, cerebral organoids, and
tumorospheres emerging with the discovery of CSLCs
are among these models (Soubéran & Tchoghandjian,
2020) (Figure 2).

Spheroids

As one of the most widely used 3D models,
spheroids are more advantageous in terms of
eliminating cost and ethical concerns, and they are a
very important need in terms of producing more
effective drugs by modeling tumor lesions in vivo for
cancer treatment. Tumor lesions in suspension
spheroids can be obtained with cell culture approaches
as well as bioreactor usage. However, the characteristics
of the ECM of the native tumor are not similar; however
only the morphological and functional features can be
mimicked. Matrix-grown spheroids are a more
advantageous alternative to suspensions, as they better
mimic the microenvironment and stroma and produce
more cancer stem cells. Clonal expansion is one of the
techniques used in tumor spheroids for drug screening
and is formed by dividing a single cell into spheroids over
several weeks after immobilization of the matrix
(matrigel, polyethylene glycol [PEG], fibrin, etc.). An
FDA-approved panel (NCI-60) of 60 cell lines
representing cancer types is used in the production of
the spheroids. Yet, this does not reflect well the
characteristics of primary «cells and tumor
heterogeneity, resulting in a different cell-matrix
interaction. Simple GBM spheroid models that allowed
cell-matrix interaction and accurately reflected
heterogeneity, as well as the physical and chemical
aspects of GBM, provided a wealth of information about
treatment responses (Bruns et al., 2021). As an example,
U87-originated GBM spheroids multiply quicker in soft
gels and their infiltration rises, whereas tumor
spheroids' invasive capacity is affected by matrix
thickness. In addition, drug response was examined in
U87 GBM spheroids encapsulated in fibrin gels and
infiltrated into the matrix, and as a result, applied
atorvastatin caused decreased infiltration capacity and
increased apoptosis. Besides, chitosan/PEG hydrogels
have been proven to increase drug resistance more than
Matrigel-formed spheroids. Studies have shown that
different drug responses can be observed for different
GBM subtypes and unique, varying microenvironments
(Bruns et al., 2021).

Tumorospheres

Tumorospheres formed by symmetric or
asymmetric division by taking advantage of the self-
renewal property of stem cells grown by clonal
expansion were first developed for normal neural stem

cells grown as neurospheres. Surface indicators such as
A2B5, L1CAM, integrin6, CD15, CD44, and CD133, which
were found to increase in the population of CSLC, have
been identified thanks to tumorospheres that enable a
better understanding in brain tissue. Tumorospheres
have been generated in many different cancer types in
the following years, however, a single proven marker to
identify CSLCs with sufficient sensitivity and specificity
has not proposed yet (Soubéran & Tchoghandjian, 2020;
Weiswald et al., 2015). Primary tumorospheres are
formed by the mechanical and enzymatic degradation of
GBM tissue. Besides cell culture medium, growth factors
such as EGF or FGF support the proliferation and
maintenance of observed gene expression traits. The
various neural cells (neurons, astrocytes, or
oligodendrocytes) that are formed after differentiation
in the tumorospheres reflect the heterogeneity and
organization of tumor cells. While tumorospheres are an
important tool for studying CSLC differentiation and
migration in GBM, their lack of GBM microenvironment
cells is a severe drawback (Soubéran & Tchoghandjian,
2020).

Organotypic Slices

Transferring a 200-400 um-thick slice of GBM cells
or spheroids/tumoroids from a healthy rodent brain into
cell culture and supplementing with cell culture media,
or neurobasal media yields the organotypic slice model.
Organotypic slice models, as they preserve vasculature,
reflect heterogeneity better, and allow GBM to be
studied in the native microenvironment without tissue
thawing or culture migration. Organotypic slices bridge
the gap between ex vivo and in vivo research, allowing
researchers to manipulate tumor cells as well as the
brain microenvironment. Depletion of microglia over
time can also be utilized to explore the role of immune
cells in tumor growth and therapeutic response (Parker
et al., 2017; Soubéran & Tchoghandjian, 2020).

Explants

Explants are models created by growing small
tumor parts with the logic of placement in conjunction
with the cancer cells' surroundings. The quality of the
selected tumor fragments is crucial to the explants'
success; thus the resected sample with surgery should
be cleaned and filtered with phosphate-buffered saline
before being cut into pieces and covered with glass
coverslips. The cells are cultured on the explant, in
addition to cancer cells and CSLCs, as well as vessels,
fibroblasts, and immune cells, and begin to migrate after
being cultured. While explants are used to detect the
proliferation, differentiation and growth of the tumor by
preserving the microenvironment, the absence of
healthy tissue can be considered as a limitation
(Soubéran & Tchoghandjian, 2020).

Tumoroids
Tumoroid models are tumor reconstitutions from a
small tumor piece in a culture medium or with
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dissociated CSLCs for long-term use. To make tumoroid
models, certain culturing procedures are used. Based on
MRI imaging, tumors can be formed from multiple
tumor areas of the parental tumor. Although their
proliferation rate slows down after a few months in
culture, tumors can stay stable and viable for more than
a year. The success rate of this technique is between 30-
90% and can be frozen for later use. Tumoroids also
retain tumor features and tissue architecture, as well as
glial, ECM material and immune cells such as astrocytes,
oligodendrocytes, neurons, fibroblasts, striated collagen
fibers, macrophages, and T cells. The tumoroid model
constitutes a suitable approach for GBM research
because it accurately reflects heterogeneity. The model
represents a fast growth rate that allows the
identification of mixed cellular responses, and may be
used to create tailored assays. However, the
disadvantage might be that the results are not
reproducible because of the lack of heterogeneity of the
microenvironment in tumoroids derived from CSLCs
(Soubéran and Tchoghandjian 2020).

GBM-derived cerebral organoids

Human embryonic stem cells (hESCs) and induced
pluripotent stem cells can be used to create GBM
models obtained from cerebral organoids (hiPSCs)
(Soubéran & Tchoghandjian, 2020). Patient-derived
primary cultures, xenografts, and genetically modified
glioblastomas were used to construct one of the first
models to be cultivated organoids utilizing matrigel-
based 3D culture methods. The cellular shape of these
organoids has been shown to help monitor radiation
resistance and GBM metastasis. GBM organoids can also
be cryopreserved and define the histological
characteristics, cellular diversity, and transcriptional
profiles. Patient responses to chemotherapy and tumor
development were examined by exposing GBM
organoids to several treatment options. The lack of a
normal brain microenvironment and vascular system,
however, is one of the cons. Neoplastic cerebral
organoids (neoCORs) were created to alter cerebral
organoids genetically to promote GBM tumor growth.
To develop tumors in iPSC-derived brain organoids,
CRISPR-based genome editing techniques were applied.
GBM organoids are primarily cancer cells, whereas
neoCORs are tumors that are formed within cerebral
organoids produced from iPSCs. As a result, neoCOR
models can be used to study tumors in their early stages.
Although its application is limited, CRISPR may be able
to broaden its application because it effectively
summarizes the heterogeneity of GBM. The
glioblastoma cells used to create GLICOs (Glioblastoma
Co-cultures) were cultured from patient tumor tissue
under defined conditions to promote the maintenance
of a stem cell phenotype. Although the GLICO model
incorporates the advantages of the GBM organoids and
neoCOR models, it suffers from the same flaws as other
organoid-GBM models in terms of vascularization and
immune cells (Zhang et al., 2020).

CSLCs became a focal point in GBM research after
studies on mice revealed that they are more cancer-
prone. In the 2D culture medium, primary CSLC
spheroids do not properly reflect tumor invasion,
microenvironment, interactions, or shape (Rybin et al.,
2021). 3D organoid models were used to solve these
flaws and provide a better comprehension of the cellular
connections of GBM. In 3D organoid models, genetically
modified transgenic mice, murine models, and patient-
generated xenografts (PDX) are employed. PDX models
that accurately reflect patient cancers, such as
histological markers and invasiveness, are employed
since transgenic models do not portray tumor
complexity and heterogeneity well. PDX models using
freshly resected tumors or CSLCs cultivated at different
stages with a fluorescent marker protein or other
genetic alteration accurately mimic 3D growth and GBM
phenotyping. Despite these benefits, PDX has
drawbacks such as excessive time, cost, and a lack of the
microenvironment. To address these issues, some
sophisticated organoid-GBM culture systems that are
compatible with heterogeneity and microenvironment
have been designed. Lancaster et al. were the first to try
to make a cerebral organoid from hiPSCs or hESCs by
producing embryoid bodies (EBs). The ectoderm germ
layer is found in neural tissue, and EBs with
neuroectoderm development were cultivated and
placed in matrigel to achieve organoid structure. Next,
the bioreactor was used to preserve and mature the
organoid oxygen and nutrient absorption. Cerebral
organoids differentiated over a period of 1-2 months
and formed different parts of the brain. The progenitor
region has been demonstrated by immunofluorescence
staining using the neuron-specific class Ill beta-tubulin
(TUJ1), which is used as a marker of neurons in the
central and peripheral nervous systems from the early
stage of neural differentiation, and the sex-determining
region Y box 2 (SOX2), a well-known marker of neural
stem and progenitor cells, and their function is self-
renewal of these cells (Sun et al., 2021).

Cerebral-derived organoids can be used to
examine the chronology of mutational steps, to
investigate the developmental natural history of cancer
ex vivo, to make more general analyses such as tumor
proliferation, invasion and progression, as well as to
investigate the interactions between tumor cells and
non-neoplastic cells because they are cultured in the
same culture dish. Due to the paucity of vascular
structures and other cells in the microenvironment,
these models lack histological characteristics such as
microvascular growth and necrosis that are typical of
GBMs (Soubéran & Tchoghandjian, 2020).

Discussion

GBM is the most common fatal brain tumor of the
central nervous system, known for its poor prognosis
and survival rate. GBMs, which can be pathologically
primary and secondary, are derived from astrocytoma
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or oligodendroglioma. This grade IV tumor is more likely
to occur with age, and the average survival time is 15
months (Rock et al., 2012). GBM stem cells are difficult
to treat as they enable more mutations to occur, and
thus maintaining resistance to therapy and exhibit
active DNA repair and regeneration properties
(Stoyanov et al., 2018b). The classification by WHO as
IDH-wild-type (90%) and IDH-mutant (10%) with a better
prognosis was defined in 2016 (Batash et al., 2017). The
typical treatment for this condition is TMZ and radiation,
with MRI and CT used for diagnostic and treatment
monitoring (Ali et al., 2020).

Looking at the molecular mechanism of GBM, EGFR
amplification and TERT promoter mutations are found in
70% of IDH-wild-type tumors (Brennan et al., 2013).
PTEN and p53 mutations have also been found (Zheng
etal., 2008). PTEN mutations are seen in 5-40% of GBMs,
and they're more common in patients over 45 years old
(Srividya et al., 2011). PTEN mutations decrease
autophagic induction by activating the PI3K/AKT/mTOR
pathway (Benitez et al., 2021). Retinoblastoma (RB)
gene is mutated in most other cancers but only 6%—11%
in GBM has been observed; therefore, therapy for RB
mutations is not a common path. Furthermore, RTKs
that enhance cancer cell aggressiveness, such as MET,
FGFR, and AXL, or increased levels of growth hormones
like VEGF, which promote the growth of GBSC-derived
tumors, also raise the risk of GBM formation (Batchelor
et al., 2013; Li et al., 2011). TGF-8, a tumor suppressor
gene that regulates numerous biological processes and
phosphorylates the prognostic Smad family protein,
boosts the expression of PDGF, which controls the cell
cycle, and ECM, which governs gene expression (Frei et
al., 2015). Clinical trials, however, have failed due to the
toxicity of TGF- B receptor inhibitors (le Rhun et al.
2019). Up-regulation of STAT3 protein from the STAT
protein family, IDH1 and IDH2 mutations are also seen
in the molecular mechanism of GBM. MGMT, which is
found in 40% of GBMs and induces alterations in the
expression of tumor suppressor genes like PTEN, pRB,
and p53, is clearly one of the most important targets in
GBM therapy (Aldape et al., 2015).

GBM is challenging to treat because of its various
molecular subtypes and complexity. Although the
outcome of treatment is dependent on several aspects
such as the time of diagnosis and the patient's
resistance, establishing a treatment is extremely
challenging (Alifieris & Trafalis, 2015b). Although
surgical resection is indicated in people under the age of
70, the tumor's location may influence the resection
possibility (Gilard et al., 2021; Scott et al., 2011).
Radiotherapy is used to eradicate residuals following
surgical resection; however, it is not indicated for people
over the age of 70 (Tan et al., 2020b). In addition to
these treatments, various chemical compounds that
might impact the GBM molecular mechanism have been
explored. TMZ, CCNU, BCNU, and BVZ are FDA-approved
and clinically available drugs. TMZ is the most favored
chemotherapeutic drug in  GBM treatment,

notwithstanding its resistance to GBMs with MGMT
activity (Karachi et al., 2018).

TE is a discipline that uses biocompatible
treatments, including 3D printing biomaterials,
nanotechnology, iPSCs, and gene editing approaches, to
better understand and treat the disease. Although TE
studies are beneficial because they minimize animal
experiments in 3D use, make many cancer mechanisms
more understandable, and the 3D structure more
closely resembles the microenvironment of the real
structure than cell culture, 3D mimicry of complicated
tumors is extremely difficult (Burdett et al., 2010;
Chandra et al., 2020). Many 3D models have been
generated as a result of TE, including tumoroids,
spheroids, organotypic slices, cerebral organoids, and
tumorospheres, which are all commonly utilized in GBM
treatment (Soubéran & Tchoghandjian, 2020).

Spheroids are a low-cost and morally favorable 3D
model for preclinical testing of platinum-based
antineoplastic medicines. Matrix-grown spheroids
better reflect the microenvironment than suspension
spheroids (Soubéran & Tchoghandjian, 2020). Using
three different techniques: hanging drop, liquid overlay,
and suspension culture, Froehlich et al. attempted to
create tumor spheroids in three different mammary cell
lines. According to the research, the hanging drop
spheroid creation methodology is the preferred way
since pellet formation in the liquid overlay technique is
dependent on the kind of well, and the suspension
culture technique results in spheroid size variance
(Froehlich et al., 2017). In another study, a spheroid
model of HA was co-cultured with tumor and healthy
pancreatic cells in another investigation, because HA is
known to be increased in tumors. As a result, the rate of
cancer cell migration in the spheroids increased, and the
cells became more sensitive to pharmacological
treatment (Wong et al., 2019). Tumorospheres, another
model for neural stem cells based on the self-renewal
ability of stem cells, began to be developed and gave a
better knowledge of CSLCs (Weiswald et al., 2015). In
the research conducted by Zhao and colleagues, an
elevated CLSC rate was observed when lung CLSCs were
cultured to evaluate their lung cancer tumorosphere
capacity. Additionally, lung tumorospheres
demonstrated increased levels of proliferation, invasion,
and drug resistance. In a prior in vivo study of GBM,
CD133, a marker for neural stem cells, was similarly
found to be elevated in tumorospheres (Salmaggi et al.,
2006; W. Zhao et al., 2016). However, the other 3D
model, organotypic slices, effectively captures the
heterogeneity of GBM but does not fully replicate the
tumor microenvironment (Soubéran & Tchoghandjian,
2020). The study of Marques-Torrejon et al. utilized
organotypic slices, a method developed because
completing the GBM model with in vivo transplantation
is time- and money-inefficient. In this study, starting
from the subependymal region where CLSCs are located,
it has been shown that human CLSCs can be grafted into
the mouse subependymal region. CD9 was also found to
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be coupled with CD133, an astrocyte marker that has
been shown to be raised in earlier research. As a result,
distinct tumor behaviour in different brain regions have
been mentioned. Organotypic slices, on the other hand,
cannot be preserved for more than 3 weeks and can
activate their immunity (Angeles et al., 2018). On the
one hand, the approach of Sidorcenco et al. established
an ex vivo GBM tissue slice tandem co-culture to test
particular inhibitors. This method avoids the use of
animals by using organotypic tissue fused with a tumor
in the host microenvironment and entire tumor tissue
from mice xenografts. For future GBM analysis, this
study is preferable to spheroids (Sidorcenco et al.,
2020). Explant modeling is made by culturing selected
high-quality tumor cells and is utilized to detect
parameters such as microenvironment, tumor profile,
and differentiation; however, it lacks healthy tissue
(Soubéran & Tchoghandijian, 2020). Because of the
considerable molecular alterations occurring in GBM
and the recent importance of CLSC vasculature in tumor
growth, it does not adapt data from cell culture to the
patient. A new 3D explant system was established in a
study that enhanced the explant procedure by keeping
the original structure of the tumor components, and it
was highlighted that this system considerably improved
the cytoarchitecture of the tumor stroma (Shimizu et al.
2011). Tumoroids and GBM-derived from cerebral
organoids models are very popular because they
accurately depict tumor features (Soubéran &
Tchoghandjian, 2020). The heterogeneity of GBM makes
it challenging to treat, as current in vitro models struggle
to sustain mutational variety. GBOs (glioblastoma
organoids) can be generated by analyzing the parent
tumors particular to each patient and taking an intrusive
approach to transplantation. They also underline that a
biobank is required for this to be more basic (Jacob et
al., 2020). Tatla et al., on the other hand, created an in
vitro vascularized tumoroid model in order to study
GBM angiogenesis. The model consists of a fibrin gel
filled with easily produced and cost-effective
endothelial cells (HUVEC) and GBM. Despite the model's
lack of vascularity and BBB, the complexities of
angiogenesis were accurately summarized, and CLSCs
were discovered to enhance angiogenic sprouting when
cultivated (Tatla et al., 2021).

Herein, a fatal primary brain tumor GBM and the
possible TE applications are summarized. Many 3D
models used are still under development and have
provided important information about GBM.
Organotypic slices reflect heterogeneity well, explants
reflect many aspects of GBM, and tumoroids imitate the
milieu well. Models constructed in the matrix, such as
spheroids or tumorspheres, better reflect the 3D
structure, giving us information about tumor spread.
The development of these 3D models and the discovery
of a treatment will take time. The ability of tumoroids to
imitate the microenvironment, which is one of the most
attractive 3D applications, as well as newly developed
advanced models (for example, Organ-on-a-Chip and

Four-Dimensional Bioprinting), may lead to increased
interest in this sector.

Conclusion

GBM is a lethal primary brain tumor that has a poor
prognosis and no treatment. The heterogeneous nature
of GBM, its tendency for mutation, and the fact that it
does not manifest itself in the same way in every patient
make it challenging to develop a standard treatment.
There are numerous studies on GBM treatment
accessible. Tumoroids, spheroids, organotypic slices,
cerebral organoids, scaffolds, organ-on-a-chip, and
tumorospheres are examples of TE structures that have
lately been used to better comprehend complicated
diseases like cancer. The use of preclinical 3D models in
these 3D approaches allows researchers to learn more
about the GBM microenvironment by reducing in vivo
approaches.
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Introduction

Abstract

Rhein (4,5-dihydroxyanthraquinone-2-carboxylic acid) is a plant metabolite found in
rhubarbs. It inhibits cell proliferation and stimulates apoptosis in in vivo and in vitro.
However, research into the molecular mechanisms of action is insufficient for
recommending it as a therapeutic agent. Therefore, this study aims to investigate the
antiproliferative, apoptotic, and antimetastatic effects of rhein by targeting the TGF-B
signaling pathway, and apoptotic pathway in glioblastoma cells (U87 GBM). In this
study, the XTT assay was utilized to determine cell viability, the colony formation assay
to measure cell survival and proliferation, RT-qPCR for the analysis of gene
expressions, and ELISA for the detection of proteins. U87 GBM cells were treated with
varying concentrations of rhein (5-100 uM) in a time-dependent manner (24, 48 h),
after which the percentage of cell viability was calculated. The colony formation assay
was performed by treating cells with the ICso dose of rhein. According to the XTT assay,
the ICsp dose of rhein was determined as 10 uM at 24 h. The ability to form colonies
was significantly decreased in the cells of the treatment group. According to the gene
expression analysis, rhein increased the mRNA levels of CASP3, -8, -9, BAX, and TGF-61
genes, while a notable decrease was observed in the BCL-2, SMAD2, SMAD3, and
TIMP1 genes. In conclusion, it was determined that rhein induces apoptosis via the
non-canonical TGF-B pathway.

Rhein, scientifically known as 4,5-
dihydroxyanthraquinone-2-carboxylic acid, represents a
lipophilic anthraquinone compound identified as a
metabolite in various plants, including the Rheum
species (R. tanguticum, R. officinale, R. palmatum L.)
(Polygonaceae), Cassia tora L. (Fabaceae), Polygonum
multiflorum  Thunb., Aloe barbadensis  Miller
(Asphodelaceae) and P. cuspidatum (Polygonaceae)
(Figure 1) (Zhou et al., 2015). From an ethnobotanical
perspective, these plants are traditionally used for
treating inflammation, diabetes, bacterial, and
helminthic infections (Henamayee et al., 2020).
Pharmacologically, several studies have demonstrated
its hepatoprotective (Bu et al., 2018), nephroprotective
(Meng et al., 2015), anti-inflammatory (Wang et al.
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2020), antioxidant (Xu et al.,, 2017), anticancer
(Henamavyee et al., 2020), and antimicrobial (Nguyen &
Kim, 2020) activities. Because of these bioactivities, its
use in the treatment and prevention of various diseases,
such as osteoarthritis, hepatic disorders, and cancer, has
been extensively researched.

Despite recent significant advances in cancer
treatment, the search for therapeutic agents from plant-
derived sources continues to be popular due to drug
resistance and lower side effects (Atanasov et al., 2015).
In this regard, chemotherapeutic drugs such as
paclitaxel (taxol), vincristine, vinblastine, and docetaxel
are effective drugs that are still used clinically
(Habtemariam & Lentini, 2018). Rhein has been found to
suppress the growth and proliferation of diverse
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cancers, such as breast cancer (Chang et al., 2012),
pancreatic cancer (Yang et al., 2019), hepatocellular
carcinoma (Wang et al., 2020), colon cancer (Zhang et
al., 2021), and lung cancer (Yang et al., 2019). These
studies have determined that rhein can modulate
different signaling steps in its molecular action
mechanisms, thereby stimulating cell apoptosis and
suppressing invasion and metastasis. Considering the
current information, studies on the potential of rhein to
be a therapeutic agent against cancer are intriguing.
However, studies that elucidate its mechanism of action
at the cellular and molecular levels are insufficient to
recommend it as an effective therapeutic agent.
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Figure 1. Chemical structure of the rhein
(http://www.chemspider.com/Chemical-Structure.9762.html).

In recent times, within the context of discovering
potential therapeutic agents, the transforming growth
factor-B (TGF-B) signaling pathway has emerged as a
major focus due to its key roles in diseases such as
pancreatic cancer and its dual functionality (Tewari et
al., 2022). This pathway is intricately linked to apoptotic
processes, serving as a critical mediator in both
promoting and inhibiting cell death, depending on the
cellular context (Ramesh et al., 2009). The TGF-B
pathway, through its complex interactions with
downstream molecules, can trigger apoptosis by
influencing the expression of genes directly involved in
the cell death mechanism (Sdnchez-Capelo, 2005). In
light of this, the current study seeks to delve into the
antiproliferative, apoptotic, and antimetastatic effects
of rhein on glioblastoma cells (U87 GBM) by specifically
targeting the TGF-B signaling and apoptotic pathways.
Toward this goal, an extensive analysis has been
conducted on the effects of rhein against U87 GBM cells,
focusing on cell survival, proliferation, apoptotic, and
metastatic effects regulated through the TGF-B
pathway. For the gene expression changes, the
expressions of TGF-81, SMAD1, SMAD2, and TIMP1,
which are associated with the TGF-B pathways, as well
as apoptotic-related genes CASP3, CASP8, CASP9, BAX,
and BCL-2, have been examined. This provides an
understanding of how TGF-B signaling can direct cellular
fate towards apoptosis. The ability of cancer cells to
form colonies is considered a significant indicator of
their proliferation and metastatic potential, reflecting

the progression of the disease and the capacity to
develop resistance to treatment. Inhibiting colony
formation can prevent the spread of cancer cells and the
growth of tumors, thereby enhancing the effectiveness
of therapeutic strategies and aiding in the control of the
disease. In this context, the colony-forming capacity of
U87 GBM cells and the effect of rhein on this capacity
have been investigated.

Materials and Methods

Cell culture and treatment

The U87 GBM cell line was obtained from the
American Type Culture Collection (ATCC) (Virginia, USA).
The cells were grown in Dulbecco's Modified Eagle
Medium (DMEM-F12) (Sigma-Aldrich, USA) enriched
with 10% fetal bovine serum (FBS) (Capricorn, Germany)
and 100 U/ml of penicillin-streptomycin (10 mg/mL)
(Capricorn Scientific, Ebsdorfergrund, Germany). The
cells cultivated at a temperature of 37°C and a CO: level
of 5%. Rhein was purchased from Sigma-Aldrich (R7269
Merck; Germany) and dissolved in 0.1% DMSO at room
temperature to make a stock solution. The solution was
then stored at -20°C until used.

Cell viability assay

The XTT cell proliferation assay was employed to
determine the cytotoxic effect of rhein on U87 cells,
according to the manufacturer’s instructions (Biological
Industries, 20-300-1000). U87 cells were seeded (2x103
cells/well) into 96-well plates. U87 cells were distributed
into 96-well plates at a density of 2x103 cells per well.
After a 24 h incubation period, the cells were exposed to
various concentrations of rhein, ranging from 5-10-15-
20-30-40-50-75-100 uM, and incubated for additional
periods of 24 and 48 h. The XTT solution was added to
each of the wells and the plates were incubated for 4 h.
Following incubation, the absorbance of the samples
was measured using an ELISA microplate reader (BioTek,
Epoch) at a wavelength of 450 nm, with 630 nm serving
as the reference absorbance. To evaluate the cytotoxic
efficacy of the rhein, I1Cso values of the samples were
calculated.

Colony formation assay

The method commonly known as "colony
formation" is widely employed for examining the
survival and proliferation capabilities of cancerous cells.
In this study, the colony formation assay was carried out
to evaluate the colony forming capacity of rhein on U87
GBM cells. Cells were seeded in 6-well plates at a density
of 2x103 cells per well and then incubated for 24 h. After
the incubation period, the cells were treated with rhein
and then subcultured every two days. The media were
washed with PBS at the end of day 10 and fixed with
100% methanol at -20 °C. Then, the colony numbers of
the control and dose groups were determined by
staining with 1.0% crystal violet for 10 min and
photographed with an inverted microscope. Colony
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forming capacity was calculated according to colony
forming numbers in each group (Glicli et al., 2022).

Total RNA extraction, cDNA synthesis, and RT-qPCR

The expression changes of the apoptosis and TGF-
B signal-related genes were evaluated using real time
guantitative polymerase chain reaction (RT-qPCR)
analysis. U87 GBM cells were seeded in 6-well plates at
a density of 2.5x10% cells per well and then incubated for
24 h at 37°C in an atmosphere containing 5% CO?2.
Subsequently, cells were treated with the ICso dose of
rhein, and then total RNA isolation was performed with
RiboEx reagent (GeneAll, 301-001). Each of the RNA
sample concentrations and quality were measured using
a nanodrop spectrophotometer (Thermo Scientific,
USA). The DNase | enzyme (Thermo Scientific, USA) was
used to avoid possible DNA contamination. Then, the
purified RNAs were reversed into cDNA via the iScriptTM
cDNA Synthesis Kit (Bio-Rad, 170-8891). To
guantitatively assess mRNA expression levels, the
BrightGreen 2x gPCR MasterMix (abm, Canada) was
utilized as per the instructions provided by the
manufacturer. The expression levels of CASP3, CASPS,
CASP9, BAX, and BCL-2 genes in the apoptosis pathway
and TGF-81, SMAD2, SMAD3, and TIMP1 genes in the
TGF-B pathway were assessed using SYBR in RT-gPCR
analysis, conducted on an Applied Biosystems (Foster
City, California, USA) instrument. The primer sequences
for the studied genes were sourced from IDT
PrimerQuest
(https://eu.idtdna.com/Primerquest/Home/Index). The
oligonucleotide sequences utilized in the RT-qPCR
reactions are listed in Table 1. The conditions for the RT-
gPCR were set at 95°C for 4 min, followed by 40
amplification cycles, each consisting of 95°C for 10 s,
60°C for 60 s, and 72°C for 4 min.

Table 1. Primer sequences of the selected genes used in RT-

gPCR
Gene Name Primer Sequences
GAPDH F: 5-GTCAACGGATTTGGTCGTATTG-3
R: 5-TGTAGTTGAGGTCAATGAAGGG-3
CASP3 F:5-GAGCCATGGTGAAGAAGGAATA-3
R:5-TCAATGCCACAGTCCAGTTC-3
CASP8 F:5-GCCCAAACTTCACAGCATTAG-3
R:5-GTGGTCCATGAGTTGGTAGATT-3
CASP9 F:5-CGACCTGACTGCCAAGAAA-3
R:5-CATCCATCTGTGCCGTAGAC-3
BAX F:5-GGAGCTGCAGAGGATGATTG-3
R:5-GGCCTTGAGCACCAGTTT-3
BCL-2 F:5-GTGGATGACTGAGTACCTGAAC-3
R:5-GAGACAGCCAGGAGAAATCAA-3
TIMP1 F:5-GTCAACCAGACCACCTTATACC-3
R:5-TATCCGCAGACACTCTCCA-3
SMAD2 F: 5-GGGACTGAGTACACCAAATACG-3
R: 5-TACCTGGAGACGACCATCAA-3
SMAD3 F: 5-CCTGAGTGAAGATGGAGAAACC-3

R: 5-GGCTGCAGGTCCAAGTTATTA-3
TGF-81 F: 5-CGTGGAGCTGTACCAGAAATAC-3
R: 5-CTAAGGCGAAAGCCCTCAAT-3

Caspase-3 and caspase-9 activation analysis
Apoptosis was  assessed  following  the
manufacturer's guidelines by using a caspase-3 and

caspase-9 colorimetric assay kit from BioVision, CA, USA.
The assay identifies DNA fragmentation in the cytoplasm
of apoptotic cells. To detect apoptosis, U87 cells were
distributed into 96-well plates at a density of 5x10° cells
per well and incubated for 24 h. At the end of the
incubation, the cells were treated with inhibitory
concentrations of rhein. The cells were then collected
and combined with 50 pL of lysis buffer, followed by a
10-min incubation on ice. Subsequently, 50 uL of 2X
reaction buffer was added to each cytoplasmic fraction.
Lastly, 5 uL of caspase-3 substrate Asp-Glu-Val-Asp
(DEVD)-p-nitroaniline (pNA) and caspase-9 substrate Ac-
Leu-Glu-His-Asp (LEHD)-pNA were incorporated into the
protein cell lysate of each well. Incubation at 37°C for a
duration of 2 h was carried out for all samples. Following
this incubation period, absorbance readings were taken
at 405 nm using a microplate reader (Bio Rad
Laboratories, CA, USA). The alteration in caspase-3 and
caspase-9 activity was calculated by dividing the
measurements from the samples treated with rhein by
those from the untreated control samples.

Statistical analysis

All findings were expressed as the mean + standard
deviation (SD). The GraphPad Prism software (version
10.0.2, GraphPad Software, La Jolla, CA) was employed
to conduct a comparative analysis between the control
and treatment groups using Student's t-test and one-
way ANOVA test.

Results

Rhein inhibits the cell viability on U87 GBM cells

The concentrations and time periods of rhein on
U87 GBM cells were evaluated using the XTT assay.
Figure 2 demonstrates that administering 5-100 uM of
rhein to the U87 GBM cell line for 24 and 48 h resulted
in a dose- and time-dependent reduction in cell viability.
The XTT assay showed that rhein treatment for 24 h (ICso
10 uM) resulted in significant cell viability against the
control cells. According to this result, the concentration
of 10 uM was chosen as an effective dose in the
subsequent analysis (Figure 2).
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Figure 2. The cytotoxic effect of rhein on U87 GBM cell line.
The cells were treated with control and rhein (5-10-15-20-30-
40-50-60-75-100 pM) for 24 and 48 h. The XTT cell
proliferation assay was used for the detection of 1Cso values.
The dose and control groups were subjected to least three
independent experiments.
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Rhein supressed the colony formation in U87 GBM cells

The colony analysis results showed that the ICso
dose of rhein significantly suppressed the colony
formation capacities of U87 GBM cells after the
treatment. The colony numbers were 582 + 15.56 for the
control group and 151+10.08 for the rhein-treated
group (***p<0.001) (Figure 3).
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Figure 3. Rhein inhibits cell viability and colony formation of
U87 GBM cells. The figure shows the colony formation of the
U87 GBM cells treated with rhein for 48 h. The untreated cells
were used as a control. The effect of rhein on colony formation
is presented by comparing it with the control value. The results
are presented as the mean * standard deviation (std), with a
sample size of 5 (n=5), and a significance level of ***p<0.001.

Rhein promoted apoptosis through TGF-f mediated
pathway

The impact of rhein on cell death in U87 GBM cells
was assessed using RT-gPCR analysis. After the
treatment of rhein, the relative expression levels of
apoptosis-related genes (CASP3, CASP8, CASP9, BAX,
and BCL-2) were analyzed using RT-qPCR. In the gene
expression results, the expression levels of CASP3 (12.55
+0.8, p=0.00073), CASP8 (2.94 + 0.68, p=0.0016), CASP9
(3.48 + 0.75, p=0.00024), BAX (5.39 + 0.55, p=0.00042),
and TGF-61 (4.44 + 0.65, p=0.00018) genes were
significantly increased after the rhein treatment. In
addition, BCL-2 (-1.54 + 0.46, 0.00031), SMAD2 (-2.1 +
0.7, p=0.0165), SMAD3 (-1.04 + 0.51, p=0.033), and
TIMP1 (-1.17 £ 0.6, p= 0.0037) genes were significantly
decreased after the rhein treatment (Figure 4).
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Figure 4. The bar graph presents the fold changes in the
expressions of the selected genes, indicating the means of the
significant fold changes compared to the control (*p <0.05,

%% 5 <0.001).
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Rhein modulates caspase-3 and caspase-9 activity in
U87 GBM cells

To investigate the involvement of caspase-3 and
caspase-9 in the apoptosis induced by rhein, the

enzymatic activities of effector caspase (caspase-3) and
initiator caspase (caspase-9) were examined. The
findings revealed an increase in the activities of caspase-
3 and caspase-9 following treatment with rhein.
Specifically, the activities of caspase-3 and caspase-9
increased ~2 fold and ~2.5 fold, respectively, at a
concentration of 10 uM compared to the control (Figure
5).
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Figure 5. The activity of caspase-3 and caspase-9 after the
rhein treatment. The colorimetric ELISA assay was employed
to measure the activities of caspase-3 and caspase-9. These
activities were then normalized to control cells and
represented as a fold change. Consequently, there was an
elevation in the activities of caspase-3 and caspase-9 following
administration of rhein when compared to the control. Data
are presented as mean t standard deviation (std) with a
sample size of 3 (n=3) and a significance level of *p <0.05.

Discussion

Rhein, an anthraquinone metabolite common in
Rheum species, is an important metabolite used in
pathological conditions such as inflammation, diabetes,
osteoarthritis, and bacterial infections (Moldovan et al.
2000; Hu et al., 2019). Recent evidence has proven that
rhein exerts potent antitumor effects in different cancer
cell lines (Yang et al., 2019; Chen et al., 2020 ; Wei et al.,
2022). The current research was investigated
antiproliferative, apoptotic and antimetastatic effects of
rhein in the U87 GBM cell line. First, the results of this
study showed that rhein suppressed U87 cell
proliferation in time- and dose-dependent manner. The
ICso dose that half of the maximal inhibitory
concentration value was detected as 10 uM at 24 h
(Figure 2). In the literature, there are limited studies
about the antiproliferative effect on U87 cells of rhein.
There are only two studies investigating the
antiproliferative activity of rhein on U87 cell lines. One
of these studies determined the ICso dose of rhein as 40
UM in 72 h in glioblastoma cell lines (T98G, U87, and
U251) (Chen et al., 2020). The other study detected the
ICso dose of rhein lysinate (the salt of rhein) by MTT
assay as 160 umol/L at 48 h. In this study, the detection
of lower doses and times in higher cytotoxic activity may
be due to the fact that the XTT assay is more sensitive
than the MTT assay. In addition, they determined a high
cytotoxic effect of rhein-piperazine-dithiocarbamate
hybrids 3 synthesized from rhein against A549, PC-9 and
H460 cell lines at low dose (ICso= 10.81-23.78 ug/mL)
(Wei et al., 2022). This finding, which is similar to the
presented study, confirms the cytotoxic activity of rhein
in U87 GBM cells (Figure 2).
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TGF-B plays a pivotal role in a myriad of cellular
processes, including cell proliferation, migration,
apoptosis, embryogenesis, and tissue homeostasis,
serving as a double-edged sword in the context of
cancer development and progression (Hata & Chen
2016). The complexity of the TGF-B signaling pathway,
regulated by its ligands, type 1 and type 2 receptors, and
Smad proteins, unfolds through both SMAD-dependent
and SMAD-independent mechanisms. Upon ligand
binding, SMAD 2 and 3 undergo phosphorylation,
forming heteromeric complexes with SMAD 4 that
translocate to the nucleus to modulate the expression
of target genes (Xu et al., 2012). In pancreatic cancer,
TGF-B's role oscillates between tumor suppression in
the early stages to tumor promotion in the advanced
stages, largely influenced by the tumor stage and
microenvironment (Yang et al., 2021). This duality
extends to its ability to induce apoptosis in various cell
types, including prostate cells, hepatocytes, and B
lymphocytes, showcasing the pathway's intricate
involvement in cancer biology (Shen et al., 2017; Yang et
al., 2021). In the present study, upon administering a
toxic dose of rhein to U87 GBM cells, a notable
upregulation of the TGF-61 gene expression by 4.44 fold
was observed, signifying an activation or enhancement
of the TGF-f signaling pathway. In the pathogenesis of
glioblastoma, increased expression of TGF-Bl can
modify the cellular microenvironment to support tumor
progression or trigger the apoptotic pathway to
promote the death of tumor cells. The increase in TGF-
61 gene expression by rhein suggests a mechanism by
which this molecule activates tumor-suppressive
properties, thereby encouraging the death of
glioblastoma cells. Given the lack of research specifically
addressing rhein's efficacy against cancer cells in
relation to the TGF-B pathway, our findings have been
compared with existing studies to provide context. Zhu
and colleagues' study revealed that rhein dose-
dependently inhibits the mRNA expression and protein
production of plasminogen activator inhibitor-1 (PAI-1)
in endothelial cells induced by TGF-B1 (Zhu et al., 2003).
When compared to the findings of this study, it is
possible to suggest that rhein can modulate the TGF-f
signaling pathway in both normal and cancerous cells,
and its effects on this pathway may vary depending on
the cell type. Furthermore, the research of Guo and
colleagues demonstrated that rhein inhibited cell
hypertrophy and  extracellular matrix (ECM)
accumulation mediated by TGF-B1, suggesting a
renoprotective effect of rhein, possibly through
inhibiting the overexpression of TGF-B1 (Guo et al.
2001). This evidence, alongside our findings, suggests
that rhein’s ability to modulate the TGF-B pathway
extends beyond cancer cells to include protective
effects in renal tissues, highlighting the compound’s
broad therapeutic potential. Our results, showing
rhein’s modulation of TGF-B pathway components in
cancer cells, complement Guo et al.’s observations by
illustrating the versatile impact of rhein across different

cell types and pathological conditions. Besides, the
expressions of SMAD2, SMAD3, and TIMP1 genes were
downregulated, with respective fold changes of -2.1, -
1.04, and -1.17. The observed decrease in the
expression of SMAD2 and SMAD3 under rhein treatment
may indicate the promotion of cell death through non-
canonical mechanisms of the TGF-f signaling pathway.
The decrease in SMAD2 and SMAD3 expressions could
be mitigating the pro-tumorigenic effects of TGF-B in the
later stages of cancer. This mechanism, consistent with
the cytotoxic effects of rhein observed in U87 GBM cells,
could contribute to the suppression of tumor growth
and metastasis via the TGF-B pathway. This situation
suggests that targeting the TGF-B pathway could be a
potential approach in the treatment of cancer types
such as glioblastoma. Moreover, the decrease in TIMP1
gene expression might have significant effects on the
remodeling of the ECM and tumor invasion (Rojiani et
al., 2015). TIMP1 functions as an inhibitor of matrix
metalloproteinases (MMPs), preventing tumor cells
from crossing the ECM. However, the reduced
expression of TIMP1 could promote the remodeling of
the ECM and potentially make tumor cells less invasive.
This could contribute to the antimetastatic properties of
rhein and aid in suppressing the progression of
glioblastoma.

Apoptosis can be induced by mitochondria-
mediated and death receptor-mediated pathways.
These pathways lead to the activation of effector
caspases such as caspase-3 and caspase-8. In terms of
the apoptotic mechanism, TGF-B increases the
expression levels of antiapoptotic protein BCL-2 and
proapoptotic caspase-3 and caspase-8 (Yang et al.,
2019). A study investigating the apoptotic effect of rhein
in HepaRG cells showed that levels of BAX, cleaved
caspase-3, -8, -9, and PARP increased while BCL-2
decreased (You et al., 2018). It has also been reported
that rhein induces mitochondrial apoptosis in a caspase-
dependent manner in PANC-1 and MIAPaCa-2 cell lines,
characterized by the downregulation of BCL-2, BCL-xL,
survivin, and XIAP, and upregulation of cleaved caspase-
3, -9 and PARP (Liu et al., 2022). Moreover, Tang et al.
(2017) showed that rhein triggers apoptotic and
autophagic mechanisms, correlating with changes in the
expression of CASP3, BAX, Beclin-1, and BCL-2 genes in
rat F98 glioma cells. In the present study, treatment with
rhein caused an increase in the mRNA expression levels
of CASP3 (12.55 fold), CASP8 (2.94 fold), CASP9 (3.48),
and BAX (5.39) in U87 cells. However, with a decrease in
BCL-2 (-1.54 fold) mRNA level, rhein triggered the
induction of mitochondria-mediated apoptosis.
Furthermore, a significant increase in the
concentrations of caspase-3 and caspase-9 proteins
compared to the control provides confirmatory
evidence for gene expression analysis. In conclusion, the
ability of rhein to induce apoptosis could be considered
a potential therapeutic strategy in the treatment of
aggressive cancer types such as glioblastoma. This
highlights the development of new approaches in cancer
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therapy by targeting apoptotic pathways as well as
modulating the tumor microenvironment.

There are no existing findings in the literature
regarding the effect of rhein on the colony-forming
capacity of glioblastoma cells. However, it has been
reported that rhein inhibits colony formation in
colorectal (Zhuang et al., 2019; Zhang et al., 2021), and
lung (Yang et al., 2019; Liu et al., 2022) cells. In a study
conducted on human NSCLC cell lines, it was
demonstrated that rhein inhibits the STAT3 signaling
pathway and increases the expression level of the
proapoptotic protein BAX while decreasing the
expression level of the antiapoptotic protein BCL-2.
Furthermore, a colony formation assay similarly
confirmed that rhein promotes apoptosis in human
NSCLC cell lines, thereby inhibiting growth and
proliferation (Yang et al., 2019). In another study
assessing the anticancer activity of rhein against
colorectal cancer (CRC) cells, cell viability and
anchorage-independent colony formation assays
showed that rhein inhibits the mTOR signaling pathway,
demonstrating anticancer activity against CRC (Zhang et
al., 2021). Similarly, a study by Liu and colleagues (2022)
showed that rhein suppresses the proliferation and
migration of lung cancer cells via the
Stat3/Snail/MMP2/MMP9 signaling pathway. Lastly, a
study conducted by Zhang and colleagues revealed that
rhein inhibits the AKT/mTOR signaling pathway in oral
cancer cells, inducing the accumulation of reactive
oxygen species (ROS) and cell apoptosis (Zhang et al.,
2023). In the current research, the findings from the
colony analysis indicated that the ability of U87 cells to
form colonies was significantly reduced following
treatment with rhein. The colony formation ability and
cell viability assay collectively suggest the potential
antiproliferative activity of rhein on U87 cells. These
findings show an antimetastatic property by causing an
increase in TGF-81 level with a decrease in rhein TIMP1
level, stimulating mitochondria-mediated apoptosis,
and supporting apoptosis mediated by SMAD-
independent pathway.

In conclusion, considering all these data, the fact
that rhein exhibits antiproliferative, apoptotic, and
cytotoxic activities by modulating TGF-B and apoptosis
pathways makes it valuable for detailed studies
regarding its clinical use.
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