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ABSTRACT

Neurodegenerative diseases are defined by advanced neuronal loss and can occur in hereditary or sporadic forms. As is generally 
known, the most common neurodegenerative diseases are Alzheimer’s disease (AD) and Parkinson’s disease (PD). Among these, AD 
is defined by the accumulation of beta-amyloid plaques, hyper phosphorylation of tau proteins, and chronic inflammation leading to 
neuronal loss. PD is related to the degeneration of dopaminergic neurons in the substantia nigra. Because of the wide heterogeneity 
of neurodegenerative diseases, various difficulties are encountered in diagnosing disease subtypes and developing effective treatment 
approaches. In recent years, microRNAs (miRNAs) have become efficient genetic biomarkers for several diseases. miRNAs regulate gene 
expressions post-transcriptionally and thus play a role in numerous neuronal and non-neuronal cell functions. Prior investigations have 
indicated the expression of miRNAs to become altered under pathological conditions, thereby suggesting that they may play a role in 
neurodegenerative diseases. This review focuses on the function of miRNAs in neurodegeneration and the possible contribution of altered 
levels of miRNAs and their target mRNAs in AD and PD patients compared to the controls shown in the previous studies. In short, altered 
expressions of miRNAs may play a role as potential diagnostic biomarkers with regard to neurodegenerative diseases.
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1

INTRODUCTION

Neurodegenerative Diseases

Neurodegenerative diseases are associated with the 
progressive loss of neurons and are leading causes of 
death worldwide after cancer and cardiovascular diseases. 
Many different neurodegenerative diseases occur, but the 
most prevalent ones are Amyotrophic Lateral Sclerosis, 
Huntington’s disease, Alzheimer’s disease (AD), and 
Parkinson’s disease (PD). Diseases occur in hereditary or 
sporadic forms depending on genetic and environmental 
factors (1). Although similar features are observed at 
the cellular level, the most important difference among 
these diseases is the affected cell and tissue types. For 
instance, while AD mainly occurs due to neuronal loss in 
the hippocampus and neocortex, the cells most affected in 
PD are dopaminergic neurons in the substantia nigra (1, 2). 

Because of the wide heterogeneity of neurodegenerative 
diseases, both genetically and clinically, their prevalence 
also varies (3). About 6.7 million AD patients aged 65 
and older were estimated to exist in the USA in 2023; 
however, approximately 930,000 Americans (≥65 years) 
had been diagnosed with PD in 2020 (4, 5). In addition, 
this heterogeneity causes failures in diagnosing and 
distinguishing among disease subtypes and determining 
preferentially effective treatment methods. When 
diagnosing a disease, several different techniques can 
be applied separately or in combination. In the case 
of AD, monitoring methods such as positron emission 
tomography (PET) and magnetic resonance imaging (MRI) 
can be used, as well as cerebrospinal fluid (CSF) biomarkers 
such as amyloid beta (Aβ) 42 and phospho-tau. Aβ42 forms 
plaques and phospho-tau forms neurofibrillary tangles 
in the brain, contributing to the pathology of AD (6). 
Meanwhile, α-synuclein in CSF and serum is a biomarker 
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for PD. In addition, PET, transcranial sonography (TCS), and 
dopamine transporter single-photon emission computed 
tomography (DAT SPECT) techniques can also be used in 
clinical diagnosis (7, 8).

The biochemical markers and imaging methods mentioned 
above have variable sensitivities and specificities (9). 
Moreover, due to the lack of curative treatments for almost 
all neurodegenerative diseases, the need for early diagnosis 
and effective therapeutic approaches before disease onset 
are absolutely present (10). Typically, AD and PD result from 
pathological instability influencing varied types of neurons at 
a diverse range of levels. This instability can be identified by 
alterations in the epigenome (9). MicroRNAs (miRNAs) control 
gene expression post-transcriptionally and have become a 
focus in this context (11).

miRNAs and Therapeutic Implementations

miRNAs are small, endogenous non-coding RNA molecules 
about 21-25 nucleotides in length. The biogenesis of miRNAs 
starts in the nucleus finishes in the cytoplasm (12). Each miRNA 
contains an evolutionary conserved region 2-8 nucleotides 
long called the seed region. The 3’ untranslated region (3’UTR) 
of the target messenger RNAs (mRNAs) contain complementary 
sequences to these seed regions, and thus miRNAs control 
gene expression by degrading mRNAs or inhibiting translation 
(1). A single miRNA may inhibit the translation of several 
mRNAs, and numerous miRNAs may control the same mRNA 
(13). In addition, miRNAs have critical roles in many biological 
processes, such as apoptosis, proliferation in response to 
immune stimuli, and differentiation (14–16). Thus, miRNAs’ 
altered levels of expression have been associated with many 
diseases (1). Examining miRNA expression levels enables one 
to better understand the molecular pathology of diseases and 
can be used as potential biomarkers for the early diagnosis of 
disease. Roughly 70% of miRNAs are produced in the nervous 
system in humans and are involved in primary signaling 
pathways (17). Therefore, researchers in recent years have 
concentrated on examining impaired miRNA expression in 
brain development and neurodegeneration, with altered 
expression levels of specific miRNAs having been observed in 
distinct neurodegenerative diseases, including AD and PD (18).

In addition to the features mentioned above, various studies 
are present in the literature on miRNAs being used for 
therapeutic purposes. For instance, decreased expression of 
miR-125b has been associated with neurotoxic effects in AD, 
with up-regulated expression of miR-125b by 17ss-estradiol 
being shown to protect neurons from neurotoxicity (19). In 
addition, miR-206 has been shown to promote the detrimental 
effect of Ass42 and to be up-regulated in the temporal cortex 
of the human brain in AD (20). Donepezil, a miR-206 inhibitor, 
can relieve the detrimental effects of Ass42 (21). As another 
example, miRNA’s rejuvenation of miR-150 mimics reduced 
inflammatory cytokines in PD (22). MiR-7 mimics, which are 
used to recover miR-7 downregulation, have also been shown 

in MPTP-induced Parkinsonian mice to reduce dopaminergic 
degeneration and to inhibit microglial activation (23). Another 
study showed the inhibition of miR-181 in PD to protect 
against neurodegeneration induced by alpha-synuclein 
overexpression (24). 

As noted above, the positive results obtained from experimental 
processes conducted with the help of anti-miR have directed 
researchers towards implementing clinical applications using 
this approach. As examples, the anti-miR study (ClinicalTrials.
gov Identifier: NCT04619420) that is currently in Phase 2 
of a clinical trial for treating AD, cognitive dysfunction, and 
dementia and started on January 6, 2021 is present. That 
study has reported expectation to finish up on November 
5, 2025 and includes 480 individuals. Another clinical study 
(ClinicalTrials.gov Identifier: NCT05462106) is in Phase 1 and 
2 for the treatment of AD. It includes 140 individuals and was 
initiated on June 21, 2021, with completion planned for June 
2026. In addition, a Phase 3 study (ClinicalTrials.gov Identifier: 
NCT02670083) was conducted between March 22, 2016, and 
May 31, 2019 with the participation of 813 individuals and 
aimed to treat AD. All the findings from these studies indicate 
that future clinical implications will occur regarding anti-miR 
applications and that more similar studies will be conducted.

miRNAs in Alzheimer’s Disease

AD is the most prevalent neurodegenerative disease and 
is characterized with a loss of neurons, memory loss, and 
cognitive impairments (25). Patients with AD are seen 
to express typical features such as personality changes, 
alterations in emotion, unsuitable social behaviors, and 
advanced memory impairments (26). Because aging is a 
significant risk for neurodegenerative diseases, the threat of 
AD progressing mainly elevates after the age of 65 (27). Ass 
peptide aggregation and neurofibrillary tangle accumulation 
due to tau phosphorylation in AD cause amyloidosis, neuronal 
loss, neuroinflammation, synaptic plasticity, and oxidative 
stress (28). The etiology of AD remains unclear because of 
the complexity of the cause and molecular mechanism of the 
disease; however, accumulation of extracellular Ass peptides 
and neurofibrillary tangles along with neuroinflammation form 
the essential biomarkers of AD (26). Because changes in miRNA 
expression contribute to AD pathogenesis, they could also be 
used as potential diagnostic biomarkers for the disease (29). In 
recent years, changes in the expression of many miRNAs have 
become associated with AD pathogenesis. For instance, miR-
9 is a miRNA expressed in the nervous system and related to 
control of the morphological differentiation of post-mitotic 
neuronal cells; its level of expression is also seen to change in 
AD (30). Souza et al. conducted a study in 2020 to investigate 
the peripheral miR-9-5p expressions of 36 AD patients and 38 
healthy controls using quantitative real-time polymerase chain 
reaction (qRT-PCR). They observed the expression of miR-9-5p 
in AD patients to have decreased 3-fold in comparison to the 
controls (31). Similarly, another study conducted by Yılmaz 
et al. in 2016 with 172 AD patients and 109 healthy controls 
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demonstrated the AD patients to have an approximately 5-fold 
decrease in miR-9-5p expression (32). As another example, the 
miR-29 family of miRNAs are known to post-transcriptionally 
regulate BACE1 expression, with the expression of miR-29 
being shown to be reduced in AD, resulting in increased BACE1 
expression and increased Ass accumulation (33). A study 
conducted by Hébert et al. in 2008 evaluated miR-29a and 
miR-29b-1 expression levels for 11 AD patients with elevated 
BACE1 expression levels, 23 AD patients with normal BACE1 
expression levels, and 21 healthy controls using qRT-PCR. Their 
study showed the expression of miR-29a and -29b-1 to mainly 
decrease in AD patients, particularly those with elevated BACE1 
expression levels (33). Another miRNA family that suppresses 
BACE1 expression is miR-15 (34). The miR-15 family has also 
been found to have a function in the apoptosis of neurons 
and tau phosphorylation. As an example of the importance 
of miR-15, a study conducted by Wu et al. in 2020 included 
40 AD patients and 31 healthy controls. Their study examined 
the expression of 816 blood miRNAs in samples taken from 71 
participants and observed essential variations in the expression 
levels of 71 miRNAs between the AD and control groups. Based 
on their study’s results, they observed a decrease in the miR-
15b expression in particular, compared to the controls (35). 
In addition to down-regulated miRNAs, other miRNAs are 
found to be upregulated in AD. Examples of the upregulated 
miRNAs can be given as miR-195, miR-106b-3p, and miR-34a 
(26). A study performed by Zang et al. in 2021 included 117 AD 
patients and 106 healthy controls; their study also evaluated 
the serum miR-128 level using qRT-PCR and found miR-128 
expression to have significantly increased (36). Another study 
showed miR-128 to downregulate the expression of PPAR-γ 
and to intensify the Aβ-induced damage survival of neurons 
in AD (37). Thus, upregulated miR-128 can have a remarkable 
function in AD’s progression. When taking the aforementioned 
into account, miRNAs obviously have essential roles in both 
the etiopathogenesis of AD and possess significant potential 
as genetic biomarkers. These details will be specified below 
through the similar features that are seen in PD.

miRNAs in Parkinson’s Disease

PD is the second most common neurodegenerative disease 
associated with the advanced loss of neurons in the brain, 
especially dopaminergic neurons in the substantia nigra. 
Degeneration of these neurons in PD patients may result in 
impaired motor function and clinical signs such as rigidity, 
postural instability, resting tremor, and bradykinesia, which are 
associated with a reduction in dopaminergic neurons (38). PD 
onset occurs generally after the age of 60 years and includes the 
interaction of genetic and elevated-risk environmental factors 
such as the consumption of dairy products, pesticides, traumatic 
brain injury, and a history of melanoma (39). PD involves the 
accumulation of α-synuclein in the Lewy bodies, which then 
impairs various pathways and activates neuroinflammation 
(40). Motor dysfunction begins to develop after approximately 
70% of the dopaminergic neurons in the substantia nigra 
have degenerated. This early phase of PD takes 8-17 years 

and involves complex mechanisms. Thus, the presence of 
preclinical biomarkers for PD is essential to the development 
of future neuroprotective approaches (41). Several specific 
miRNAs have been shown many times in the literature to have 
a function in the pathogenesis of PD. For example, Wu et al. in 
2022 investigated SNCA-associated miRNA expressions in 75 PD 
patients and 73 healthy controls using qRT-PCR and found miR-
153 and miR-223 expression levels to have decreased mainly in 
the PD patients compared to the controls (42). In 2020, Li et al. 
showed miR-150 to be another down-regulated miRNA in PD 
pathogenesis. They evaluated neuroinflammation-associated 
miR-150 expression in 80 PD patients and 60 healthy controls 
and ascertained miR-150 expression to have decreased in the 
PD patients when compared to the controls (22). In addition, 
the literature has shown up-regulated miRNA expression to 
occur in PD pathogenesis. For instance, miR-132 is an miRNA 
that has been negatively correlated with its downstream 
molecule nuclear receptor NURR1 (also known as NR4A2), 
which is one of the main factors that sustain dopaminergic 
features. Yang et al. conducted a study in 2019 involving 
667 people (269 sporadic PD patients, 222 healthy controls, 
and 176 individuals with several non-PD neurodegenerative 
diseases). They evaluated the expression levels of miR-132 and 
NURR1 and indicated miR-132 expression levels to be elevated 
in PD patients when compared to the healthy and non-PD 
controls. NURR1 was also crucially reduced in the PD patients 
compared to the healthy and non-PD controls, thus showing 
a negative correlation between reduced levels of NURR1 
expression and increased levels of miR-132 expression in PD 
(43). As mentioned above, the miR-29 family has decreased 
levels in AD pathogenesis. In addition, these miRNAs (miR-29a, 
-29b, and -29c) have been related to cognitive impairment in 
PD, with Han et al. assessing miR-29 expression levels in 98 PD 
patients and 40 healthy controls to examine this. They classified 
patients into three groups: PD patients with usual conditions (n 
= 39), PD patients with dementia (n = 22), and PD patients with 
mild cognitive impairment (n = 37) and found all miRNAs to 
be down-regulated in all three groups of patients compared to 
the healthy control group. In addition, they found the miR-29 
expression levels in the PD patients with dementia to be lower 
than that for PD patients with normal conditions, thus relating 
the decreasing trend of these miRNAs to more severe PD (44). 
When considering the roles miRNAs play in physiological 
and pathological conditions alongside the alteration of their 
expression in diseases, miRNAs have the potential to serve as 
biomarkers for the early diagnosis and prognosis of disease 
and also as targets for therapeutic intervention.

CONCLUSION

As explained with the examples above, miRNAs play important 
roles in many physiological conditions, with miRNA de-
regulation having been able to be associated with many 
pathological states. Obviously, miRNAs also have a function 
in the molecular etiopathogenesis of neurodegenerative 
diseases. This role may involve up-regulation or down-
regulation, as is the case in AD and PD, the two most common 
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neurodegenerative diseases exemplified in this review. 
Figure 1 shows several upregulated and downregulated 
miRNAs in AD and PD (32, 33, 35, 45–48). The number of 
studies evaluating miRNAs will undoubtedly increase in the 
future, and several reasons are thought to exist for this. First 
of all, significance in demonstrating the roles miRNAs have 
regarding the clarification of the mechanisms and progression 
of neurodegenerative diseases. Another reason is the potential 
miRNAs have as genetic biomarkers. The most important 
aspect of this is that many studies have shown miRNAs to be 
able to be utilized in the early diagnosis and follow-up of the 
disease. Lastly, attempts have been made to develop various 
therapeutic approaches utilizing the regulatory functions of 
miRNAs, especially in recent years. Anti-miR oligonucleotides, 
antagomirs, locked nucleic acid anti-miRs, and miR masks that 
are used to suppress miRNAs, as well as miRNA expression 
vectors and miRNA mimics that are used to restore miRNA 
expression reveal other aspects of the importance these small 
non-coding molecules have (1).

This article has compiled up-to-date information on the 
subject of the functions miRNAs have in neurodegeneration 
by evaluating the case of AD and PD. As mentioned above, 
this study assumes that studies in this field will gain more 
importance and increase in number in the future.
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ABSTRACT

Objective: Colorectal cancer (CRC) is a type of cancer spreading quickly around the world. Melanoma is an aggressive and lethal form 
of skin cancer. One of the striking biomarkers in cancer is carbonic anhydrase (CA)-IX, which catalyzes the hydration of carbon dioxide 
(CO2). CA inhibitors are being used clinically and studied extensively in clinical research. This study aimed to examine the CA inhibitor 
acetazolamide (AZA) in terms of the B-Raf protein in colorectal cancer and the melanoma cell line.

Materials and Methods: HT29 human colorectal cancer cells and A375 human melanoma cells were cultured. The appropriate dose of 
AZA on the cells was determined by the WST-1 test. The enzyme-linked immunosorbent assay (ELISA) was used to determine the effect of 
AZA on the B-Raf protein in HT29 and A375 cells.

Results: HT29 and A375 cell lines treated with AZA showed a dramatic decrease in CA-IX levels (p<0.05). In addition, AZA significantly 
reduced B-Raf protein levels in the HT29 and A375 cell lines (p<0.05, for both).

Conclusion: This study revealed AZA, a CA inhibitor, to be effective in CRC and melanoma. In future studies, combining the effects of AZA 
and B-Raf inhibitors may present an alternative approach in cancer treatment.
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INTRODUCTION

Colorectal cancer (CRC) is a type of cancer responsible for 
9.2% of cancer-related deaths. In terms of prevalence, it 
ranks second in women and third in men, with 5- and 10-
year survival rates being 65% and 58%, respectively (1). CRC 
may be localized or metastasized in the lymph nodes. Most 
patients with CRC have been reported to have metastases 
in the liver. Endoscopic, surgical, and oncological treatment 
strategies exist for CRC (2). Due to being the most hazardous 
and aggressive form of skin cancer and comprising only 
about 5% of all cutaneous malignancies, melanoma is the 
primary cause of skin cancer-related mortality (3). Because 
of the high risk of spreading, research is being performed 

to find risk factors and determine the best course of action 
for treatment.

Carbonic anhydrases (CAs) are metalloenzymes that contain 
Zn2+. They reversibly convert CO2 into HCO3

-/H+ and are 
processed to maintain pH homoeostasis in an organism (4). 
Acetazolamide (AZA), a sulfonamide derivative, is clinically 
implemented in the treatment of glaucoma, epilepsy, and 
heart failure (5). CA-IX is a cancer-related isoform and is 
overexpressed in carcinomas of the uterus, cervix, kidney, 
esophagus, lung, breast, colon, and brain (4, 6). Studies 
on cell models have shown CA-IX to have a pH-regulating 
function under hypoxic conditions and to help maintain 
the slightly alkaline intracellular pH that is necessary for 
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the survival of cancer cells (7). CA-IX has also been shown to be 
able to interact with many signaling pathways in cancer cells 
(8, 9). 

Mitogen‑activated protein kinase (MAPK) pathways are 
essential in the transition from extracellular signals to 
intracellular responses and regulate many cellular functions 
(10). MAPK signaling pathways consist of Ras, Raf, MEK, and 
extracellular-signal-regulated kinase (ERK) proteins. The 
cells inhibit apoptosis as a response to a variety of stress 
factors, such as radiation,  hypoxia, hydrogen peroxide, and 
chemotherapeutic agents, to increase the survival of the cells 
(11, 12). The Ras-Raf-MEK-ERK cascade is a vital regulatory 
pathway for cell growth, proliferation, differentiation, and 
apoptosis. Signaling with this pathway typically occurs for 
various plasma membrane growth-factor receptors that 
activate Ras family GTPases. Activated Ras proteins can recruit, 
complex with, and activate members of the Raf kinase family 
in the plasma membrane. Raf proteins stimulate the MEK/ERK 
cascade and ensure the transcription of related genes. B-Raf is 
a protein kinase that phosphorylates serine/threonine, which 
is involved in this pathway and is an oncogenic marker for 
solid tumors such as melanoma, papillary thyroid carcinoma, 
colorectal carcinoma, and gliomas (13). B-Raf mutations are 
found in about 10% of CRC patients and are linked with a 
poor prognosis; they are also resistant to chemotherapeutic 
treatment. However, recently developed B-Raf inhibitors have 
been directed towards melanoma and shown significant 
clinical activity in CRC (14). The main limitations in the use 
of B-Raf inhibitors involve resistance development and the 
toxicity linked to B-Raf inhibition (15).

B-Raf oncogenic driver mutations are found in approximately 
50% of cutaneous melanomas in which the Ras-Raf pathway 
has been altered. The most prevalent (90%) aberration in the 
B-Raf gene is the V600E/K mutation which is commonly seen 
in cutaneous melanoma (16, 17). Vemurafenib (VMF) (B-Raf 
inhibitor) and trametinib (MEK inhibitor) are among the 
compounds currently being used in the clinical treatment 
of melanoma. However, arthralgia, burnout, diarrhea, fever, 
photosensitivity, skin, ocular, and cardiovascular toxicity are 
the most frequent adverse effects of the treatment. In addition 
to the side effects, the main disadvantage of this form of 
therapy is that the cancer cells can develop resistance to the 
therapy (18). 

CA-IX, which is overexpressed in many tumor types, is also a 
pH-regulating enzyme, thus making it a potential target for 
carcinogenesis. CA-IX inhibition returns extracellular pH to 
normal values, resulting in a delay in tumor growth. This study 
therefore predicts that targeting CA-IX would be valuable as 
an alternative mechanism of carcinogenesis. The main goal in 
this research is to assess the impact of AZA, a CA inhibitor, on 
the B-Raf protein in HT29 CRC and A375 melanoma cell lines. 
Detecting a relationship between CA-IX inhibition and the 
B-Raf protein can become a new approach in targeting the 
MAPK pathway. This is a preliminary study investigating the 

potential a sulfonamide derivative has for inhibiting B-Raf in 
cancer treatment.

MATERIALS AND METHODS

Cell Experiments

Human colorectal cancer cells (HT29) and human melanoma cells 
(A375) were gifted by Dr. Tuba Ozdemir Sanci (Ankara Yildirim 
Beyazit University, Medical Faculty, Histology and Embryology 
Department). The cells were cultivated in Dulbecco’s Modified 
Eagle Medium (DMEM), a high glucose medium (Biowest, L0102), 
with 10% heat-inactivated fetal bovine serum (FBS; Capricorn, 
FBS-HI-11A), 1% penicillin-streptomycin, 1% amphotericin, 
and 1% gentamycin at 37°C in a 5% CO2 humidified  chamber 
incubator. AZA and VMF  were purchased from Sigma-Aldrich 
and SelleckChem, respectively. The cells were passaged with 80-
90% confluency, and a trypsin-EDTA (Gibco, 25200-056) solution 
was used for detaching the cells.

Inhibitor Preparation

The inhibitors used in the current study are AZA (Sigma, 
BCBZ9159) and VMF (Cayman Chemical, 1-800-364-9897). 
Due to the A375 and HT29 cell lines having the BRAFV600E 
mutation, the study evaluated VMF as a positive control. All 
inhibitors were prepared as stock solutions by dissolving them 
in dimethyl sulfoxide (DMSO) at a final concentration of 300 
μM. Then HT29 and A375 cells were seeded into 6-well plates 
(0.3 × 106 cells/well) and tested for various concentrations of 
AZA, and VMF (0, 2.5, 5, 10, 25, 50, 100, 200 µM) for 24th and 
48th hours.

Cytotoxicity Assay (WST-1)

The WST-1 test was carried out to find out the appropriate 
dose of AZA and VMF on HT29 cells. The principle of this assay 
is that cellular mitochondrial dehydrogenases convert the 
tetrazolium salt WST-1 into formazan crystals. For the WST-1 
test, the HT29 and A375 cells were seeded into 96-well plates 
and incubated. After incubation, AZA and VMF were prepared 
at concentrations of 0, 2.5, 5, 10, 25, 50, 100 and 200 μM and 
applied to the cells. The measurements were analyzed at the 
24th and 48th hours. To eliminate the effects from DMSO, the 
concentrations were added to the negative control wells 
at a rate where AZA and VMF were dissolved along with the 
medium. 10 µL of the WST-1 solution (Cayman Chemical, 
10008883) were added to each well and incubated at 37°C 
for 2-4 hours. Following incubation, the appropriate inhibitor 
concentration for the cells was determined by measuring at 
450 nm. The following equation was used when calculating the 
viability values of the cells:

Viability% = (Avarage OD inhibitor × 100) ÷ Average OD control

While the following equation was used when calculating the 
inhibition value:
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Inhibition% = 100 - ( (Avarage OD inhibitor × 100) ÷ Average OD 

control)

The inhibitor concentration values were converted into a graph 
by utilization of Graphpad Prism 9.1.0 software, after which the 
inhibitor dose (IC50) value that inhibited 50% of the cells was 
calculated. All experiments were performed in triplicates.

ELISA

To prepare the cell lysate, phosphate-buffered saline (PBS) was 
first used to wash the cells. Next, a lysis buffer containing 50 
mM Tris,150 µM NaCl, 1% NP-40 (Intron Biotechnology, IBS-
BN015) and proteinase inhibitor factor (Intron Biotechnology, 
PIC001) were used to lyse the cells, after this step, the cells were 
centrifuged (+4⁰C, 17,000 g, 15 min). The supernatant was then 
aliquoted.

The Enzyme-Linked Immunosorbent Assay (ELISA) was used 
to determine the changes in the CA-IX and B-Raf levels of AZA 
and VMF in the HT29 and A375 cell lines. The BT Lab Human 
Carbonic Anhydrase IX ELISA Kit (E2273Ha,  BT Lab, China) and 
Human B-Raf ELISA kit (E3906Hu,  BT Lab, China) were used in 
the study. Standard solutions were first prepared for the ELISA 
protocol. The standard solution contains 120 µL of standard 
(40 ng/mL) and 120 µL of standard diluent to create 20 ng/
mL (CA-IX) and 2400 ng/L (B-Raf ) standard stock solutions. The 
standard stock solution was diluted 1:2 to obtain 10 ng/mL, 5 
ng/mL, 2.5 ng/mL and 1.25 ng/mL standard solutions for CA-
IX and 1200 ng/L, 600 ng/L, 300 ng/L, and 150 ng/L for B-Raf. 
50 µL of all standards were added to the wells. Next, 40 µL of 
biotinylated anti-CA-IX and 10 µL of anti-B-Raf antibody were 
added to the wells. Subsequently, 50 μL of streptavidin-HRP 
was added to all wells and incubated at 37°C for 60 minutes. 
After incubation, the wells were washed 5 times with a wash 
buffer, then 50 µL of substrate solution A and 50 µL of substrate 
solution B were added to each well. This was incubated at 37°C 
for 10 min in the dark. Following the incubation, analysis was 
conducted at 450 nm using the Thermo Scientific VarioskanTM 

Spectrophotometer.

Statistical analyses

The statistical analysis was carried out using GraphPad Prism 
9.1.0. The one-way analysis of variance (ANOVA) test was 
conducted for the B-Raf ELISA test and Student’s t-test for 
the CA-IX ELISA test. The statistical significance level was 
determined as p<0.05.

RESULTS   

The HT29 and A375 cells were treated with AZA and VMF at 
doses of 0, 2.5, 5, 10, 25, 50, 100, and 200 µM at the 24th and 
48th hours to help determine the appropriate cytotoxic dose for 
the cells. According to WST-1 results, viability rates for the HT29 
cells treated with AZA for 24 hours were 100%, 100%, 94%, 
87%, 50%, 35%, 30%, and 17% at respective concentrations of 
0, 2.5, 5, 10, 25, 50, 100, and 200 µM. The IC50 value for AZA is 

found to be 34.71 μM. Viability rates ​​for HT29 cells treated with 
VMF for 24 hours at concentrations of 0, 2.5, 5, 10, 25, 50, 100, 
and 200 µM were 100%, 100%, 100%, 100%, 48%, 35%, 27%, 
and 18%, respectively. The IC50 value for VMF was found to be 
35.84 μM (Figures 1, 2). 

For the A375 melanoma cells, viability rates for cells treated 
with AZA for 24 hours were 100%, 100%, 54%, 33%, 29%, 25%, 
20%, and 17% at respective concentrations of 0, 2.5, 5, 10, 25, 
50, 100, and 200 µM. The IC50 value for AZA was found to be 
9.75 μM. Viability rates  ​​for the A375 cells treated with VMF 
for 24 hours at concentrations of 0, 2.5, 5, 10, 25, 50, 100, and 
200 µM were 100%, 68%, 32%, 27%, 23%, 22%, 17%, and 14%, 
respectively. The IC50 value for VMF was found to be 4.93 μM 
(Figures 1, 2).

In order to examine the integrity of the cells, an inverted 
microscope was used following 24 hours of AZA and VMF 
application. The numbers of HT29 and A375 cells were 
observed to have decreased significantly at the end of this 
period (Figures 3, 4).

The effects of AZA on CA-IX were determined using ELISA. 

Figure 1. The % cell viability of the AZA-treated A375 and HT29 
cells. The HT29 and A375 cells were treated with AZA at doses 

Figure 2. The % cell viability of the VMF-treated A375 and HT29 
cells. The HT29 and A375 cells were treated with VMF at doses 
of 0, 2.5, 5, 10, 25, 50, 100, and 200 µM at the 24th and 48th hours.
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The change in CA-IX levels was determined by measuring the 

absorbance in cells with the presence and absence of AZA 

treatment. As a result, the concentration of CA-IX was found to 

be 5.93 ng/mL in the HT29 cells without AZA and 4.1 ng/mL in 

the HT29 cells with AZA. Treating the HT29 cells with AZA was 
found to dramatically decrease CA-IX levels (p<0.05). For the 
A375 cell line, the concentration of CA-IX was found to be 6.36 
ng/mL in cells without AZA and 3.46 ng/mL in cells with AZA. 

Figure 3. Inverted microscope images of the CRCs after 24th hour of inhibitor treatment. A) HT29 cells without an inhibitor B) AZA-
treated HT29 cells C) VMF-treated HT29 cells (Bar = 200 μm) (AZA concentration = 34.71 μM, VMF concentration = 35.84 μM).

Figure 4. Inverted microscope images of the melanoma cells after 24th hour of inhibitor treatment: A) A375 cells without inhibitor; 
B) AZA-treated A375 cells; C) VMF-treated A375 cells (Bar = 200 μm) (AZA concentration = 34.71 μM, VMF concentration = 35.84 μM).

Figure 5. CA-IX protein levels in the control and AZA-treated 
HT29 and A375 cells. *  p<0.05

Figure 6. B-Raf protein levels in the control, AZA-treated, 
and VMF-treated HT29 and A375 cells. * p<0.05, ** p<0.01, 
*** p<0.001
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The CA-IX levels were shown to have considerably decreased in 
the A375 cells treated with AZA (p<0.05; Figure 5).

The effects of AZA on B-Raf protein levels in the HT29 and 
A375 cells were assessed using ELISA, with VMF being used as a 
positive control. As a result, B-Raf protein levels were found to 
be 3.7 ng/L in the negative control cells, 2.81 ng/L in the AZA-
treated HT29 cells, and 1.94 ng/L in the VMF-treated positive 
control cells. When comparing the AZA-treated cells to the 
control cells, B-Raf protein levels were considerably lower in 
the AZA-treated cells (p<0.05). However, B-Raf protein levels 
were higher in the AZA-treated HT29 cells compared to the 
VMF-treated HT29 cells. VMF demonstrated a more effective 
inhibition effect than AZA (p<0.05). For the A375 cells, B-Raf 
protein levels were found to be 5.03 ng/L in the negative control 
cells, 3.36 ng/L in the AZA-treated cells, and 2 ng/L in the VMF-
treated positive control cells. AZA was found to dramatically 
affect a decrease in the B-Raf protein levels compared to the 
control cells (p<0.05). However, B-Raf protein levels are higher 
in the AZA-treated A375 cells than in the VMF-treated A375 
cells. VMF demonstrates a more effective inhibition than AZA 
(p<0.05; Figure 6).

DISCUSSION

With approximately 900,000 deaths annually, CRC is amongst 
the deadliest cancers. Age, dietary habits, and smoking can be 
listed as the risk factors that affect the development of CRC. 
Surgery, chemotherapy, radiotherapy, and immunotherapy 
are currently being used in clinical treatments (19). Cancer 
signaling pathways trigger cell proliferation, angiogenesis, 
escape from apoptosis, and metastasis in CRC. One of the 
signaling pathways involved in these processes is the Ras-Raf-
ERK pathway. Alterations in this pathway have been reported 
as targets for CRC therapy (20, 21). As a result, inhibiting this 
pathway is important as a molecular therapeutic approach in 
the treatment of CRC. B-Raf is located in MAPK’s Ras-Raf-MEK-
ERK signaling pathway and activates the transcription factors 
through phosphorylation of MEK and ERK. This activation 
regulates cell proliferation, survival, and growth (22).

Although melanoma is less common than other forms of 
skin cancer, it nevertheless causes over 73% of deaths from 
skin cancer (23, 24). Therapeutic approaches have improved 
understanding of melanoma pathogenesis in recent years, with 
activation of the MAPK pathway in melanoma being known to 
promote rapid tumor proliferation. The activator B-Raf mutation 
V600E and related mutations at this codon are critical to the 
MAPK signaling pathway in melanoma cell lines (25).

CA-IX is a tumor-associated CA isoenzyme, and CA-IX 
expression is induced through HIF-1. As a result, CA-IX might 
serve as a hypoxia marker and prognostic indicator. CA-IX is 
overexpressed in malignancies of the uterus, kidney, esophagus, 
and breast and in melanoma (4). CA-IX preserves cancer cells 
from hypoxia and intracellular acidity  as the tumor grows. 
It promotes angiogenesis, extracellular matrix degradation, 
epithelial-mesenchymal transformation, invasiveness, tumor-

stroma cross-communication, and signaling by increasing 
extracellular acidosis. In addition, CA-IX can interact with 
several signaling pathways and mechanisms in cancerous cells 
(9). The phosphorylated IC residues of CA-IX have been shown 
to be associated with carcinogenesis. This has been suggested 
to perhaps stimulate intracellular signaling pathways (8). CA-
IX is a promising target for anti-cancer therapy. AZA is the first 
diuretic agent of sulfonamides and is used for the inhibition 
of CA isoenzymes (26). Studies have shown AZA to reduce 
colony formation and regress tumor growth in various cancer 
types (27). The current study has planned to show the effect 
of AZA, a CA inhibitor, on B-Raf, an oncogenic protein, based 
on the association CA-IX has with cancer signaling pathways 
in the HT29 colorectal cancer and A375 melanoma cell lines. 
The study used the B-Raf inhibitor VMF as a positive control 
and observed AZA to reduce B-Raf protein levels significantly 
but not as effectively as VMF. No previous research is present in 
the literature, showing the effect of AZA on the B-Raf protein. 
However, studies are found to have shown the effect that 
sulfonamide-derived inhibitors have on the B-Raf protein. 
Tsai et al. showed difluorophenyl-sulfonamides to have high 
selectivity and potential for oncogenic B-Raf protein inhibition 
(28). VMF is a B-Raf inhibitor with a sulfonamide group targeting 
the BRAFV600E mutation. In addition, dabrafenib is another 
selective B-Raf inhibitor compound containing a sulfonamide 
group (29). Ali et al. suggested that imidazole derivative 
compounds containing terminal sulfonamide groups to be 
able to be potential inhibitors of BRAFV600E (30). This current 
preliminary study has determined AZA, a classical well-known 
sulfonamide derivative, to have an inhibitory effect on the 
B-Raf protein, in parallel with other studies.

Also in parallel with other studies, the current study has shown 
AZA, a sulfonamide-derived CA inhibitor, to have an inhibitory 
effect on B-Raf protein in CRC and melanoma. This study makes 
an important contribution to the literature in terms of targeting 
the B-Raf protein with different molecules and helping to develop 
new sulfonamide-derived inhibitors for cancer treatment. The 
investigation of AZA on the B-Raf gene in CRC and melanoma 
might serve as a guide for future research in this area.
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ABSTRACT

Objective:  Contemporary research has studied non-invasive brain stimulation modalities regarding their impact on various cognitive 
functions, particularly in the areas of learning and memory. Studies are being pursued to delve into the manipulation of these cognitive 
facets through this methodology. The aim of the current study was to examine the effects of application of cathodal transcranial direct 
current stimulation (tDCS) to the left dorsolateral prefrontal cortex (DLPFC), on visual working memory.

Materials and Methods: The study consisted of two separate groups, an active and a sham group, in which a total of 42 university 
students participated. Two mA cathodal direct current was applied to the left dorsolateral prefrontal cortex. To measure visual working 
memory, the study applied a visual 1-back task consisting of Chinese letters before and after tDCS and compared the obtained data.

Results: The study observed significant differences between the active and sham groups, with the active group having an increased 
number of omissions, a decreased number of correct responses, and prolonged response times.

Conclusion: The findings of the study revealed the suppressive effect of cathodal tDCS on visual working memory. Studies in the literature 
revealed various results regarding the contributions of left and right DLPFC on working memory. The findings of this study showed that 
right DLPFC also has an effect on visual working memory.
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INTRODUCTION

Memory-related studies began in the 18th century and have 
continued to the present day. The scholarly work titled 
“The Magical Number Seven, Plus or Minus Two,” authored 
by Miller, could be assumed to have exerted a profound 
influence on the conceptualization of short-term memory. 
Miller’s study emphasized individuals to be able to typically 
hold an average of seven numbers in their short-term 
memory and underscored this capacity to be able to vary 
with individual differences (1).

Within the realm of contemporary psychological 
discourse, the multicomponent model as propounded 
by Baddeley and Hitch in 1974 has garnered widespread 
acceptance. This theoretical framework encompasses three 
fundamental constituents: the phonological loop, the 
visuospatial sketchpad, and the central executive (2).

This study focused on the temporary retention of visual 
information in the visuospatial sketchbook (3).

To date, experimental research has provided evidence 
that both the right and left dorsolateral prefrontal cortex 
(DLPFC) are involved in numerous cognitive functions, 
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including but not limited to learning, memory, and the study 
and processing of cognitive structures (4). This finding has 
played a significant role in accepting the notion that the DLPFC 
forms the core of working memory (5).

Transcranial direct current stimulation (tDCS) aims to stimulate 
brain tissue by placing anode and cathode electrodes on 
the scalp. When applying tDCS, anodal stimulation induces 
depolarization of the membrane potential in the targeted 
cerebral area, thus bringing it closer to the threshold (6). In 
contrast, cathodal stimulation induces hyperpolarization in the 
stimulated area (7). 

Contemporary research provides examples where tDCS has 
been applied to manipulate cognitive performance. Nitsche et 
al. observed inhibition in the motor cortex following application 
of cathodal tDCS for 5-7 minutes. The same effect was reported 
to have been repeated in a new stimulation applied after an 
hour post-stimulation (8).

Another study on the left DLPFC gave participants forward 
and backward counting tasks after applying cathodal tDCS. 
That study presented participants with a 5-min 2-forward 
task followed by a 5-min 3-back task. The study revealed a 
significant difference between the active and sham groups, 
with the active group showing improved performance on 
the forward counting task, unlike the sham group. However, 
no significant difference was found in the execution of the 
backward counting task (9).

Another study on healthy adults divided 12 participants into two 
separate groups, one group receiving a 2 mA anodal tDCS and the 
other a sham stimulation. During and after the tDCS stimulation, 
participants were presented with 3-back tasks and Sternberg 
tasks. As a result of the study, the reaction time of the active group 
was shown to be decreased compared to the sham group (10).

A meta-analysis of brain imaging research on n-back tasks 
suggested the right DLPFC to be a region associated with 
both information manipulation (updating) and retention (11). 
The right DLPFC has been recognized to play a specific role in 
attentional control, which is closely related to selective attention 
and maintenance of task-related information (12). Meanwhile, 

this region has also been shown to be important for inhibition 
control, such as the suppression of inappropriate responses 
(12, 13). Cathodal tDCS over the right DLPFC has been shown 
to be able to improve recognition memory performance by 
suppressing interference in the task, with cathodal tDCS on the 
right DLPFC also reported to significantly increase nonverbal 
recognition memory performance (14). Therefore, both anodal 
and cathodal tDCS of the right DLPFC may have the potential 
to improve working memory. A study examining the effect 
of tDCS applied to the right DLPFC on different components 
of working memory showed cathodal tDCS to facilitate the 
maintenance of working memory and anodal tDCS to have a 
suppressive effect (15). The literature contains studies showing 
the right DLPFC to be associated with non-verbal processes 
in working memory and the left DLPFC to be associated with 
verbal working memory (16-19). Recent studies have shown 
both types of stimulation applied to the right DLPFC to have 
a positive effect on visual working capacity (12-14). The aim 
of this current study was to examine the effects of application 
of cathodal tDCS to the left DLPFC on visual working memory, 
regarding the visual 1-back task.

MATERIALS AND METHODS

The study involved the participation of 42 healthy university 
students between the ages of 18-30 who are right-handed and 
unfamiliar with Chinese characters. Two separate groups took 
part in the study: an active group and a sham group, with the 
participants being randomly assigned to the groups.

After the participants signed the informed consent form, 
they were informed about the tasks and procedures to be 
performed for about 5 minutes. The participants were then 
given a 1-minute trial test regarding a visual 1-back task. After 
the trial, participants performed a visual 1-back task lasting 
approximately 5 minutes. After completing the visual 1-back 
task, the participants were immediately applied 20 minutes 
of cathodal tDCS. After the tDCS, the other form of the visual 
1-back task was administered. The whole experiment lasted 
approximately 1 hour, including the insertion and removal 
of the electrodes. All participants in this study gave signed 
informed consent before being included in the study. This 

Figure 1. Chinese letters used in the pretest.
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study was found ethically and scientifically appropriate by 
Istinye University, Clinical Research Ethics Committee, through 
decision no. 4/2023.K-14, thus obtained ethical approval.

Visual 1-Back Task

The study gave participants a task consisting of 28 different 
Chinese characters to assess their visual working memory 
performance. The task is called the n-back task, in which the 
participants were asked to press the number 1 or number 2 key 
on the keyboard according to the characters displayed on the 
screen. The n value expresses the number of times the stimulus 
on the screen will be the same as the previous stimulus, with 
n = 1 in this study. Accordingly, the participants were asked to 
memorize the Chinese character shown on the screen. They 
were asked to press the number 1 key if the next stimulus was 
the same as what had been shown on the previous screen, or 
to press the number 2 key if it was different.

Although the participants became familiar with the characters 
during the pre-tDCS test (Figure 1), a different stimulus set was 
used in the post-tDCS (Figure 2). Stimuli consisting of Chinese 
characters were presented for 300 ms in the middle of a 24 cm 
x 42 cm screen using the program E-Prime 3.0 (Figure 3).

Responses during the test were given using a QWERTY Turkish 
keyboard, with the number 1 and number 2 keys on the right 
side of the keyboard being designated as the target and 
standard keys, respectively. During the administration, a total of 
50 stimuli were presented to each participant, with 35% of these 
stimuli being identified as targets. Of the characters, 17 were 
categorized as “target” characters while 33 were categorized 
as “standard” characters. The stimuli were presented on the 
screen for 300 msc at 1500 msec intervals. When participants 
failed to press a key in time, the response was defined as an 
“omission” error. A response involving an incorrectly pressed 
key is defined as a “commission” error (Figure 4).

Figure 2. Chinese letters used in the posttest.

Figure 3. Task chart.
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The study had the cathode electrode placed in the F3 region 
in accordance with the 10-20 EEG system and corresponding 
to the left DLPFC, with the anodal electrode placed on the left 
supraorbital cortex. The study uses electrodes measuring 5x7 
cm2 (Figure 5).

Application of tDCS

The active group received 2 mA of direct current for 20 
minutes. The sham group received a current that was increased 
to 2 mA within the first 15 seconds, continued for 15 seconds 

upon reaching 2 mA, and then decreased to zero again within 
15 seconds to create the sensation of having received the test 
current, with no current being applied for the rest of the time.

Statistical Analyses 

The data obtained from the visual 1-back task were analyzed 
using IBM-SPSS 26 software. As the values obtained did not fit 
the Gaussian distribution, nonparametric statistical methods 
were used for further analysis. In addition, between-group 
comparisons were evaluated using Mann-Whitney U test and 
within-group comparisons were evaluated using Wilcoxon test. 
Significance limit was accepted as p<0.05.

RESULTS

A mini-mental test was administered to the 42 participants 
before the study. When analyzing the within-group values, the 
active group showed an average score of 28.9, while the sham 
group had an average score of 28.7 (p=0.309; Table 1).

Figure 4. Experimental chart.

Figure 5. Placement of the cathode (blue) and anode (red) 
electrodes.

Table 1. Comparison of mini-mental test values between 
groups

Mini-Mental Test

Z -1.016

p-value  0.309

Mann-Whitney U test
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Comparison of Visual 1-Back Task Values  
Pre- and Post-tDCS

Visual 1-back Task Values Pre-tDCS

Before the tDCS application, no statistically significant 
difference was observed between the two groups in terms of 
the number of omissions (p=0.464), number of commissions 
(p= 0.336), number of standard stimuli (p=0.075), standard 
stimulus-response time (p=0.782), number of target stimuli 
(p=0.969), target stimulus-response time (p=0.505), and 
commission response times (p=0.217; Table 2).

Comparing the Active Group’s Visual 1-Back 
Task Values

The within-group analyses revealed statistically significant 
differences to occur within the active group regarding the 
number of omissions (p=0.043), standard stimulus-response 

time (p<0.0001), number of target stimuli (p<0.0001), target 
stimulus-response time (p<0.0001), number of commissions 
(p=0.003), and commission response time (p<0.0001), but not 
regarding the number of standard stimuli (p=0.775; Table 3).

Comparing the Sham Group’s Visual 1-Back Task 
Values 

The data obtained from the sham group pre- and post-tDCS 
were examined and revealed statistical differences regarding 
standard stimulus-reaction time (p=0.007), number of target 
stimuli (p=0.004), target stimulus-reaction time (p<0.0001), 
and commission response time (p=0.046). However, no 
significant difference was found regarding the number of 
omissions (p=0.107), the number of standard stimuli (p=0.075), 
or the number of commissions (p=0.160; Table 4).

Table 2. Comparison between groups for the pre-tDCS visual 1-back task results

Number of 
Omissions

(mean ± SD) 

Standard Stimulus Target Stimulus Commission

Number
(mean ± SD)

Response Time 
(msec)

(mean ± SD)
Number

(mean ± SD)

Response 
Time (msec)
(mean ± SD)

Number
(mean ± SD)

Response Time 
(msec)

(mean ± SD)

Pre-tDCS 
active 
group 

8.47 ± 7.06 26.57 ± 5.96 193 ± 59.60 14.14 ± 2.72 190.57 ± 58.30 3.80 ± 3.01 170.38 ± 79.81

Pre-tDCS 
sham group 

10.90 ± 8.76  22.09 ± 6.68 196.09 ± 63.94 14.04 ± 3.02 200.28 ± 62.70 5.14 ± 3.86 194.57 ± 86.76

Z -0.733 -1.779 -0.277 -0.038 -0.667 -0.963 -2.233

p-value 0.464 0.075 0.782 0.969 0.505 0.336 0.217

Mann-Whitney U Test, SD: Standard deviation, TDCS: transcranial direct current stimulation

Table 3. Within-group comparison of the active group’s pre- and post-tDCS visual n-back task results

Number of 
Omissions

(mean ±
SD)

Standard Stimulus Target Stimulus Commission

Number
(mean ± SD)

Response 
Time (msec)
(mean ± SD)

Number
(mean ± SD)

Response 
Time (msec)
(mean ± SD)

Number
(mean ± SD)

Response Time 
(msec)

(mean ± SD)

Pre-tDCS 
group 

8.47 ± 9.83 26.57 ± 5.96 193 ± 59.60 14.14 ± 2.72
190.57 ± 

58.30
3.80 ± 3.01 170.38 ± 79.81

Post-tDCS
group 

11.19 ± 7.35 19 ± 7.04 247 ± 41.76 9.09 ± 2.40
238.90 ± 

43.10
6.62 ± 3.57 245 ± 49.13

Z -2.021b -0.285c -3.841b -4.023c -3.737b -2.984b -3.563b

p-value 0.043 0.775 p<0.0001 p<0.0001 p<0.0001 0.003 p<0.0001

Wilcoxon Signed Ranks Test, SD: Standard deviation; tDCS: Transcranial direct current stimulation; b: Based on negative ranks; c: Based on positive ranks.
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Between Group Comparison of Difference in 
Data Regarding the Pre- and Post-tDCS Visual 
N-Back Results

When comparing the differences between the two groups’ pre- 
and post-tDCS results, substantial variances were identified 
between the groups regarding number of omissions (p=0.013), 
standard stimulus-response time (p<0.0001), target stimulus 
count (p<0.0001), number of commissions (p<0.0001), 
and commission response time (p<0.0001). Meanwhile, no 
discernible statistical disparity was found regarding the 
standard stimulus quantification (p=0.181; Table 5).

When comparing the two groups’ differences between the pre- 
and post-tDCS visual 1-back task results, statistical differences 
were found regarding the number of omissions (p=0.013), 
standard stimulus-response time (p<0.0001), number of target 
stimuli (p<0.0001), target stimulus-reaction time (p<0.0001), 
number of commissions (p<0.0001), and commission response 
time (p<0.0001) between the groups. However, no statistical 
difference was found regarding the number of standard stimuli 

(p=0.181; Table 5).

DISCUSSION

This study randomly assigned 42 healthy adult volunteers to 
the active and sham groups and performed the visual 1-back 
task to measure visual working memory performance pre- and 
post-tDCS application. In conclusion, when comparing the 
statistical values within and between groups, the study found 
the performance of the active group to be lower than that of 
the sham group.

Barbey et al. reported that left DLPFC damage caused 
impairment in verbal, auditory, and spatial tasks related to 
working memory (20). This study applied stimulation to the 
left DLPFC by considering studies in the literature that have 
emphasized the role the left DLPFC has in working memory 
(9, 21). Similar to the findings reported in the literature, the 
results from the current study observed impairment in working 
memory tasks in response to the suppression applied to the 
left DLPFC.

Table 4. Within group gomparison of the sham group’s pre- and post-tDCS visual n-back task results

Number of 
Omissions

(mean ± SD) 

Standart Stimulus Target Stimulus Commission

Number
(mean ± SD)

Response Time 
(msec)

(mean ± SD)
Number

(mean ± SD)

Response Time 
(msec)

(mean ± SD)
Number

(mean ± SD)

Response 
Time (msec)
(mean ± SD)

Pre-tDCS 
group 

10.90 ± 8.76 22.90 ± 6.68 196.09 ± 63.94 14.94 ± 3.02 200.28 ± 62.70 5.14 ± 3.86 194.57 ± 86.76

Post-tDCS 
group 

9.52 ± 9.83 24.52 ± 8.27 171.66 ± 62.58 15.19 ± 2.54 168.57 ± 68.37 3.76 ± 2.79 154.71 ± 68.54

Z -1.612b -1.778c -2.677b -2.914c -3.529b 1.406b -1.999b

p-value 0.107 0.075 0.007 0.004 <0.0001 0.160 0.046

Wilcoxon Signed Ranks Test; SD: Standard deviation; tDCS: Transcranial direct current stimulation; b: Based on negative ranks; c: Based on positive ranks.

Table 5. Between group comparison of the two groups’ pre- and post-tdcs visual n-back task data differences

Difference In 
The Number 
of Omissions

Standart Stimulus Target Stimulus Commission

Difference In 
The Number 
of Standard 

Stimuli

Standard 
Stimulus-
Response 

Time 
Difference 

(msec)

Difference in 
the number 

of target 
stimuli

Difference 
in Response 
Times (msec)

Difference in 
Number of 

Commission

Difference 
in Response 
Times (msec)

Mean Data 
Difference

0.66 0.61 14.95 8.30 -1.95 0.66 24.19

Z -2.485 -1.337 -4.780 -5.550 -5.108 -3.518 -3.837

p-value 0.013 0.181 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Mann-Whitney U test; SD: Standard deviation; tDCS: Transcranial direct current stimulation. 
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When examining the between-groups values for the pre-test, 
no statistically significant difference was found in the number 
of targets, omissions, commissions, and standard stimuli, 
as well as in their response times. This shows no significant 
difference to exist between the participants in both groups and 
that standardization had been strengthened (Table 2).

When comparing the pre- and post-test values in the active 
group, an increase was observed to occur in the number of 
omissions and commissions, a decrease in the number of correct 
target stimuli, and an increase in all reaction times (Table 3). In 
the sham group, an increase was found to occur in the number 
of correct target stimuli and a shortening in the target stimulus 
duration and commission reaction times (Table 5).

An increase in the number of omissions and commissions was 
observed in the active group’s post-tDCS task. Also, the active 
group’s post-tDCS commission response times were prolonged. 
In contrast, no significant differences were seen in the sham 
group’s target numbers or omission numbers. In addition, 
a slight decrease was found in the number of commissions 
and commission response times for the sham group (Table 4). 
Reviewing other studies in the literature, results similar to those 
in the current study were observed when applying cathodal 
tDCS to the left DLPFC (8). Javadi and Walsh’s (22) study on 32 
participants observed similar negative effects when applying 
cathodal tDCS on verbal working memory as were observed in 
the current study regarding visual working memory.

A meta-analysis of 61 studies by Dedoncker et al. has reported 
anodal tDCS stimulation to improve performance regarding 
n-back tasks (i.e., 1-back, 2-back, and 3-back tasks) with 
response times being significantly reduced (23). However, no 
significant differences were found in the sham groups in the 
studies Dedoncker et al. have reviewed (23). In contrast, the 
current study suggests that improvements had been observed 
in the sham group possibly due to the shorter interval before 
starting the tasks pre- and post-tDCS compared to other studies. 
This supports the idea that performance can be increased by 
increasing the number of trials in cognitive assessments.

Moreover, when considering that both groups had gained 
experience after the first test, the fact that no improvement had 
occurred in the number of commissions and response times in 
the active group, with an increase in that group even occurring 
regarding the number of commissions and a significant 
prolongation in response times, shows the effect that applying 
cathodal tDCS to the left DLPFC has on visual working memory.

The lack of improvement in the active tDCS group relative to 
the sham tDCS group regarding the standard stimuli post-tDCS 
task (Table 3) confirms the suggestion of improved performance 
depending on the number of trials in the cognitive assessments 
(21, 23). In addition to these studies, examples are also found in 
the literature to have tried to modulate working memory with 
regard to visual and verbal dimensions (20-24). These examples 

mostly used n-back tasks created with complex or geometric 
shapes. Contrary to these examples, the current study created a 
visual 1-back task consisting of 28 different Chinese characters. 
Fregni et al. study, which applied cathodal tDCS to the left 
DLPFC, performed a similar 1-back task with Latin letters; their 
application did not create a significant difference with regard 
to working memory (25). However, the current study observed 
a very significant effect from the cathodal tDCS; the difference 
between the current study’s results compared to those from 
Fregni et al.’s study are thought to be due to the current study’s 
use of a visual 1-back task, which is difficult to verbalize, instead 
of a verbalizable n-back task, as Latin letters can be quickly 
verbalized (25).

This study has attempted to reveal the concrete effects the 
tDCS has on visual working memory and found a remarkable 
difference between the sham and active groups. This supports 
the studies examined in Dedoncker et al.’s (23) meta-analysis.

Unlike Fregni et al., the current study presented Chinese 
characters as stimuli, because the participants would have 
difficulty in verbalizing these, thus eliminating the stimuli being 
translated into verbal memory (25). This is thought to have 
contributed to a clearer demonstration of the effect tDCS has on 
visual working memory. The difference observed regarding the 
results of Fregni et al.’s (25) reveals the need for further studies 
using tDCS to better understand the differences. The inability 
to translate the presented visual stimuli into verbal memory 
and the clear effects of tDCS on visual working memory are 
considered the distinguishing features of the current study.

This study’s findings are consistent with those in the literature, 
suggesting that the left DLPFC is critical for preserving verbal 
and spatial information in working memory. This study has been 
conducted with cathodal tDCS and n-back tasks and is thought 
to be able to contribute to the literature on the concrete results 
tDCS has shown on working memory, and therefore also on 
cognitive performance tasks. In this way, the current study is 
thought to be able to help future studies on tDCS.
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ABSTRACT

Objective:  Gonadotropin-releasing hormone agonist (GnRHa) trigger induces both Luteinizing hormone (LH) and follicle stimulating 
hormone (FSH) surges, impacting oocyte maturation, and mitochondrial dysfunction, is responsible for chromosomal anomalies during 
meiotic divisions. This study aimed to investigate the effect of GnRHa instead of human chorionic gonadotropin (hCG) triggers on unfolded 
protein responses against embryonic stress in oocytes and embryos.

Materials and Methods: Female mice were divided into control, hCG-triggered, and GnRHa-triggered groups. Superovulation was 
performed. Oocytes were retrieved 13h after hCG or GnRHa injection, and two pronuclei (2PN) oocytes were retrieved 24h after the 
appearance of a vaginal plug. ATF5, GRP78, and HSP60 protein levels were analyzed by Western blot. One-way ANOVA and Students' t-test 
were used for statistical analysis.

Results: When comparing the GnRHa group to the hCG group, their respective oocyte maturation rates (79.8% vs. 75.9%), oocyte areas 
(10198 µm2 and 9474 µm2), 2PN rates (78% vs. 72%), and blastocyst formation rates (82% vs. 77%) were significantly higher (p < 0.05). The 
HSP60 protein level was significantly lower in the GnRHa group compared to the hCG group (22% vs. 55%, p < 0.05). Additionally, the ATF5 
protein level was significantly lower in the hCG group compared to the GnRHa group (p < 0.0001).

Conclusion: GnRHa trigger improves oocyte nuclear and cytoplasmic maturation, as well as blastocyst formation rates. The underlying 
mechanism for this effect is the downregulation of HSP60 and upregulation of ATF5 levels.
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INTRODUCTION

The accurate timing of ovulation must be successfully 
detected and then controlled if assisted reproductive 
technologies are to be effective. In controlled ovarian 
stimulation treatments used to treat infertility, injecting 
5,000–10,000 IUs of human chorionic gonadotropin (hCG) 
used to be considered the gold standard for inducing 
granulosa cell luteinization, oocyte maturation, and follicle 
rupture (1). Gonadotropin-releasing hormone agonist 
(GnRHa) has also been proven to effectively trigger egg 
maturation mid-cycle by promoting the rise of endogenous 
gonadotropins. Still, this came to be a valuable alternative to 

hCG only at the development of the short protocol, where 
spontaneous ovulation is prevented by the GnRHa, leaving 
room for the agonist to be successfully used for triggering.

Despite all its advantages, triggering with an agonist results 
in a defective luteal phase, which among other things 
reduces implantation and raises the risk of spontaneous 
pregnancy loss in fresh embryo transfers, thus leading to 
the freeze-all era (2, 3).

Even though many studies have assessed whether the 
usage of GnRHa and hCG affects stress response, it 
remains unclear. During embryo development, increased 
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endoplasmic reticulum (ER) stress activates the unfolded 
protein response (UPR), leading to reduced blastocyst 
formation rates (4-6).

Among the molecules that regulate the mitochondrial unfolded 
protein response (mtUPR), heat shock protein 60 (HSP60) 
and mitochondrial HSP70 (mtHSP70) facilitate the protein 
folding function in the mitochondrial matrix (7), activating 
transcription factor 5 (ATF5) maintains mitochondrial activity 
during mitochondrial stress and promotes organelle recovery, 
and glucose-regulated protein 78 (GRP78) dissociation triggers 
the UPR endoplasmic reticulum (UPRer) that restores protein 
homeostasis.

The underlying hypothesis of this study is that, because 
of the high demand for mitochondrial homeostasis in 
preimplantation development (from oocyte to blastocyst), 
GnRHa triggers support for oocyte and blastocyst formation by 
suppressing mitochondrial stress.

MATERIALS AND METHODS

Mice were maintained according to Yale University’s 
requirements for animal research, and all procedures 
were approved by the Institutional Animal Care and Use 
Committee (protocol no. 2022-11300). Mouse embryos were 
collected using standard protocols under the guidelines 
approved by the Yale Institutional Animal Care and Use 
Committee. In short, 5-week-old C57BL/6 female mice 
(Charles River Labs) were super-ovulated by intraperitoneal 
(IP) injection of 5 Units of pregnant mare serum gonadotropin 
(PMSG; Folligon, Sigma-Aldrich). An additional injection 
of 5 Units of hCG (Chorulon, Sigma-Aldrich) was given 48 
hours after the PMSG injection. To obtain two-cell embryos, 
females were placed individually with 12-week-old C57BL/6 
males immediately after the hCG injection. The following 
morning, the effectiveness of mating was confirmed by the 
presence of a vaginal plug (day 1; D1). Two-cell embryos 
were collected from the oviducts at 44–48 hours after hCG 

injection. Two-cell embryos were obtained by puncturing 
the ampulla portion of the oviduct with a needle in the 
HEPES-buffered media under the stereomicroscope.

Animals

All mice care, breeding, and experimental protocols were 
conducted according to the Yale University School of Medicine 
Animal Research Requirements. The protocols used were 
approved by the Institutional Animal Care and Use Committee 
(2022-11300). 3-month-old female Balb/c mice (25-30 g) were 
used in 3 groups: control group, triggered with hCG, and 
triggered with GnRHa (n = 30 per group). 

Oocyte and Embryo Collection

To collect the metaphase II (MII) stage mature oocytes, 10 IUs 
of hCG (Sigma, St. Louis, MO) or GnRHa were injected 48 h 
after the PMSG (Sigma, St. Louis, MO) injection. Control group 
mice were injected with 0.09% NaCl. Unfertilized MII oocytes 
were collected from oviducts 14-16 h after the hCG injection 
(8). After oocytes were retrieved, their diameter was measured 
from two different positions (Research Instrument, Cronus 3, 
Video Capture, and Embryo Analysis Software) to calculate the 
mean oocyte area (n = 15 per group).

To collect the fertilized (2PN) oocytes (n = 15 per group), the 
female Balb/c mice were mated with males after receiving 
the hCG or GnRHa injection. The following morning, after 
the effectiveness of mating was confirmed by the presence 
of a vaginal plug, female mice were sacrificed by cervical 
dislocation. The 2PN oocytes were obtained by puncturing the 
ampulla portion of the oviduct with a needle in the HEPES-
buffered media under the stereomicroscope and cultured 
until day 5 (D5) of embryonic development. Fertilization and 
blastocyst formation rates were calculated accordingly.

All embryos were cultured in groups of 12 in 50-μL medium 
drops at 37°C in 6% CO2, 5% O2, and 89% N2 for 96 h without 

Figure 1. Morphological evaluation. Triggering with GnRHa improves blastocyst formation rate as well as oocyte cytoplasmic and 
nuclear maturation.
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changeovers. An inverted microscope was used to examine the 
embryos at ×200 magnification at the end of D5.

Western Blot

Embryos from each group were collected and incubated on ice 
for 30 minutes in a 5 µL phosphate-buffered saline (PBS), and 5 
µL lysis buffer. The samples were mixed with 10 mL of Laemmli 
buffer, boiled for 5 minutes before being cooled on ice, and 
centrifuged at 2,000 rpm for 5 minutes at 40C. GRP78 protein 
levels were determined using rabbit monoclonal anti-GRP78 
(Cell Signaling Technology, Cat. No. 3117), anti-ATF5 (Sigma 
Aldrich, Cat. No. SAB4500895), and anti-HSP60 antibodies 
(Cell Signaling Technology, Cat. No. 12165) in the previously 
described standard Western Blot protocol (4).

Equal loading of proteins (10 μg) in each lane was confirmed 
by staining the membrane with Ponceau 2S (Sigma, St. Louis, 
MO). Ponceau red signals for anti-GRP78, anti-HSP60, and 
anti-ATF5 were quantified using a digital imaging and analysis 
system (AlphaEase, α Innotech Corp., San Leandro, CA), as well 
as a laser densitometer (Molecular Dynamics, Inc., Sunnyvale, 
CA) for the auto radiographic bands. Anti-GRP78, anti-HSP60, 
and anti-ATF5 expressions were normalized by dividing the 
arbitrary densitometry units for anti-GRP78, anti-HSP60, and 
anti-ATF5 by the amount of Ponceau red staining for each band.

Statistical Analyses 

All experiments were repeated at least three times. Statistical 
analysis of the data was performed with Student’s t-test and 
one-way analysis of variance (ANOVA), with a p<0.05 being 
considered statistically significant.

RESULTS

Oocyte Diameter as an Indicator of Cytoplasmic 
Maturity

Oocytes have two types of maturity. The first one is nuclear 
maturity, which can be noticed by assessing the polar body in 
the oocyte (metaphase II). The second is cytoplasmic maturity. 
The only indicator for this parameter is the oocyte area.

The mean oocyte area is significantly higher in the GnRHa-
triggered group than in the hCG-triggered one (p<0.05, 10198 
µm2 and 9474 µm2, respectively; Figures 1A-1B). Additionally, 
nuclear maturation has been assessed, revealing the maturation 
rate in the GnRHa-triggered group to be significantly higher 
than in the hCG-triggered group (p<0.05, 79.8% vs. 75.9%, 
respectively).

The fertilization and blastocyst formation rates have also been 
checked due to the oocyte cytoplasmic and nuclear maturation 
being significantly higher in the GnRHa-triggered group. Both 
fertilization rates (p<0.05, 78% vs. 72%, respectively) and 
blastocyst formation rate (p<0.01, 82% vs. 77%, respectively) 
are significantly higher in the GnRHa-triggered group 
compared to the hCG-triggered group.

mtUPR is altered in GnRH groups

To examine the mtUPR activity in the mice, the oocytes were 
treated with ethidium bromide (EB, 0.4 µg/mL) for three hours 
to stimulate the mtUPR, as described previously (9), after which 
the HSP60 protein levels were evaluated. The HSP60 levels in 
the EB-treated group were significantly increased compared 

Figure 2. GnRHa-trigger improves oocyte and embryo quality by activating mtUPR.
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to the control group (78% vs. 17%, respectively; Figures 2A-
2B). Furthermore, the oocytes from the hCG-treated mice have 
significantly higher levels of HSP60 compared to the control 
and GnRHa-treated groups (22% for GnRHa, 55% for hCG, and 
20% for control; p<0.05; Figures 2E-2F).

Additionally, the ATF5 level was assessed as a regulator of 
mtUPR. The oocytes from the mice triggered with hCG have a 
41% ATF5 level, compared to 62% in the mice triggered with 
GnRHa (p<0.0001; Figures 2C-2D).

To ensure that all these effects are due to mtUPR but not 
UPRer, the study checked the GRP78 level, which is the marker 
for UPRer. The results show no significant difference in GRP78 
levels between the GnRHa-treated and hCG-treated mice (24% 
and 25%, respectively; p>0.05; Figures 2G-2H).

DISCUSSION

Embryo competency is determined by oocyte quality, which is 
influenced by various parameters including treatment mode 
(9). Triggering oocyte maturation is the last critical step of 
ovulation induction. GnRHa has been widely used in ovarian 
stimulation to prevent endogenous fast augmentation of 
the luteinizing hormone (LH) surge, which is essential for 
the development of the corpus luteum. As previously stated, 
triggering with a GnRH agonist causes a shorter duration of 
the LH surge than triggering with hCG, resulting in less LH 
support for the growing corpus luteum and possibly causing 
early luteolysis (10-12). Luteolysis has been proposed to result 
in much lower levels of estradiol and progesterone following 
GnRH agonist triggering than hCG triggering (10).

This study’s findings provide valuable insights into the efficacy 
of GnRHa triggering for enhancing oocyte and embryo quality 
through mtUPR. Our results align with and sometimes extend 
the findings reported in the existing literature (11, 12).

The observed increase in oocyte maturation rates and oocyte 
diameter within the GnRHa group correlates well with the 
findings of Sukur et al., who reported enhanced cytoplasmic 
maturity in oocytes following GnRHa triggering (13). However, 
the current study has extended these findings by quantitatively 
assessing oocyte diameter, thus providing a more nuanced 
understanding of cytoplasmic maturity. The improvement 
in fertilization and blastocyst formation rates in the GnRHa-
treated group resonates with the work of Yang et al. (14). 
However, the current study further elucidates the underlying 
molecular mechanisms, specifically focusing on the role of 
mtUPR, a perspective not extensively covered in their research.

The present study’s differential expression of HSP60 and ATF5 
provides a deeper understanding of mitochondrial stress 
in oocyte and embryo development. This finding adds to 
the framework established by Moehle et al. (2019), who first 
suggested the role of mtUPR in oocyte quality but did not 
differentiate between the specific impacts of HSP60 and ATF5 
(15).

The present research supports the theoretical model proposed 
by Dumollard et al., which emphasizes the critical role of 
mitochondrial health in oocyte and embryo viability (16). The 
current study has provided empirical evidence that strengthens 
this theoretical model by demonstrating the specific changes 
in mitochondrial stress markers.

This study’s findings being consistent and extending those 
in the existing literature suggests a potential shift in clinical 
practice towards the preferential use of GnRHa triggering in 
assisted reproductive technologies. The results advocate for a 
more nuanced approach that considers the rates of fertilization 
and blastocyst formation, as well as the molecular markers that 
are indicative of oocyte and embryo health.

The study has shown that using GnRHa during superovulation 
positively affects oocyte development and embryonic growth. 
These advancements are mediated through the modulation 
of mitochondrial stress responses, underscoring the vital role 
of mitochondrial homeostasis in reproductive efficacy. This 
research could significantly contribute to the optimization 
of fertilization (IVF) protocols, potentially leading to higher 
fertility treatment success rates.
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ABSTRACT

Objective: Deletions or loss of heterozygosity in chromosome 3p are very common in small-cell lung cancer (SCLC) and lung 
adenocarcinoma (ADC) cases. These are typically found in tumor cells but rarely observed in lymphocytes. This study aimed to evaluate the 
frequency of 3p deletions and/or abnormalities in the blood of lung cancer patients using conventional cytogenetics and fluorescence in 
situ hybridization (FISH), by targeting the fragile histidine triad diadenosine triphosphatase (FHIT) gene located at the commonly deleted 
region of 3p14.2, in lung cancers.

Materials and Methods: The study examined 24 SCLC patients, 30 ADC patients, and 20 healthy controls. It used standard procedures to 
perform a 72-h lymphocyte culture, G-banding, and FISH.

Results: All patient group cases showed multiple numerical and structural abnormalities, with numerical abnormalities being more 
prominent and involving all chromosomes. The following two 3p abnormalities were detected in one patient: del(3)(p22) and t(3;5)
(p25;q31). FISH showed positive results regarding FHIT deletion in 9 (30%) ADC, and 7 (29%) SCLC patients.

Conclusion: Regardless of the rarity of 3p abnormalities in lymphocytes, a high frequency of chromosomal aberrations may indicate 
genomic instability. Nevertheless, due to being a time-consuming and expertise-requiring technique, conventional cytogenetics is 
not recommended for lung cancer monitoring. However, the FISH results suggested that using FISH to examine FHIT gene status in 
lymphocytes could be a promising biomarker for lung cancer.
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INTRODUCTION

Lung cancers are one of the main types of cancer-
caused deaths, worldwide (1). Many studies have 
shown the effects of genetic factors on lung cancer. 
Small cell lung cancer (SCLC) covers 20-25% of all lung 
cancers; it has a different clinicopathological course 
involving paraneoplastic syndromes and a tendency 

to metastasize, requires an aggressive clinical process, 
and is insensitive to chemotherapy and radiation (1, 
2). Lung adenocarcinomas (ADC) comprise nearly 40% 
of all lung cancers (3). 3p abnormalities are the most 
common chromosomal abnormalities in SCLCs and ADC, 
and cytogenetic studies have shown 3p deletion to be a 
characteristic finding for small cell and ADC lung cancers 
(4-9). Even when no chromosome 3p anomalies are 

*This study was produced from the master's thesis and was presented at 13th Balkan Congress of Human Genetics and 13th National Con-
gress of Medical Genetics with International Participation. 
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found, a loss of heterozygosity in 3p is shown (5, 8, 10). With 
cytogenetic and molecular genetic techniques, 3p deletion or 
3p loss of heterozygosity has been observed in 100% of SCLC 
cases and 80% of ADC cases (4, 8-13). These abnormalities are 
typically detected in a patient’s tumor cells, but rare cases exist 
where this has been observed in lymphocyte cultures from 
peripheral blood samples (11, 14, 15). Although these studies 
have shown chromosomal abnormalities specific to SCLC to 
be able to be seen in blood samples, the number of cases is 
insufficient to understand whether these findings can be used 
to obtain information about the course of the disease. Because 
peripheral blood is easy to collect and manipulate and suitable 
for recurring examinations, knowing whether cancer-specific 
chromosomal abnormalities in peripheral blood are common 
enough to be used as indicators are desirable for the prediction 
of cancer development, prognosis, and metastasis.

Similar to most epithelial tumors, lung cancer consists of the 
accumulation of multiple genetic and/or epigenetic changes 
that can result from deletions, mutations, or changes in gene 
methylation. Chromosomal deletions are associated with 
regions of tumor suppressor genes (16). Recent studies have 
identified various tumor suppressor genes (TSGs) that play 
or may be able to play a role in carcinogenesis in regions of 
chromosome 3 that are also deleted in SCLC and ADC cases 
(4, 5, 7, 9, 17). For example, many TSGs such as fragile histidine 
triad diadenosine triphosphatase (FHIT) at 3p14; ROBO/DUTTI 
at 3p12; and Ras association domain family member 1 alpha 
(RASSF1a), the histocompatibility allele H-37, FUS RNA-binding 

protein (FUS1), and semaphorin 3B (SEMA3B) at 3p21 are lost 
as a result of these deletions (5, 7, 9, 16, 18). Other TSGs found 
in chromosomal regions commonly deleted in lung cancers 
include the adenomatous polyposis coli (APC) regulator of 
WNT signaling pathway (5q21), retinoblastoma (RB) (13q), p53 
(17p), and p16 (9p21) (11). The FHIT gene is involved in the 
accumulation of di-adenosine tetraphosphate, thus causing 
DNA synthesis and proliferation. It is located at 3p14.2 and 
overlaps with a common fragile site known as Fra3B, which is 
prone to damage and leads to chromosome aberrations. Loss 
or reduced expression of FHIT is found in preneoplastic lesions 
and cancers, including lung cancer. This results in replication 
stress, DNA breaks, aneuploidy, copy-number changes small 
insertions and deletions, and point mutations (19).

This study aimed to use conventional cytogenetics and 
fluorescence in situ hybridization (FISH) techniques to evaluate 
the frequency of 3p deletions and abnormalities in the 
peripheral blood samples of lung cancer patients.

Based on the information in the literature, the study has 
deemed the inclusion of lung ADC to be appropriate, 
considering its similarity to SCLC in terms of such features as 
carrying 3p anomalies and its aggressive course. The study 
used a FISH probe for the FHIT gene located on 3p14.2, which 
is within the commonly deleted region of 3p in lung cancers, in 
order to be able to detect deletions smaller than the scope of 
what cytogenetics can detect. The FHIT gene has been chosen 
from among the numerous genes residing in the relevant 

Table 1. Clinical characteristics of the cases

ADC (n = 30) SCLC (n = 24) Control (n = 20)

Gender
Female 
Male

10
20

4
20

12
8

Age (year), min-max (median) 46-87 (61.5) 47-90 (57) 31-51 (44)

Grade
       1
       2
       3
       4

4
8
3
8

-
3

13
8

Metastase
       Bone
       Brain
       Liver
       Esophagus
       Head-neck
       Brain+Bone
       Liver+Bone
       Liver+Muscle    

13
4
3
2
2
-
1
1
-

8
1
4
-
-
1
-
1
1

-

Smoking 14 5 -

ADC-adenocarcinoma; SCLC-small-cell lung cancer
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region because it is a known tumor suppressor gene and has 
already been associated with lung cancer (5, 7, 18, 20-22). The 
study used conventional cytogenetic techniques to examine 
chromosomal abnormalities in peripheral blood cultures and 
used the FISH method to investigate the loss of the FHIT gene 
in the 3p14 region.

MATERIALS AND METHODS

Subjects 

The study has enrolled a total of 54 untreated lung cancer 
cases (24 SCLC and 30 ADC) and 20 healthy (non-smoker≥30 
years of age) control subjects. The study has been conducted in 
accordance with the Helsinki Declaration and was approved by 
the Cerrahpasa Faculty of Medicine Medical Ethics Committee 
(Reference No. 83045809-604.01.02-A49), with all patients 
and individuals in the control group having signed informed 
consent forms. Of the 30 ADC cases, 10 were female, and 20 
were male. Of the 24 SCLC cases, four were female, and 20 

were male. Of the 30 ADC patients, 16 were smokers, and 14 
were non-smokers. Of the 24 SCLC patients, 19 were smokers, 
and 5 were non-smokers. The median age was 61 for the 
ADC cases and 57 for the SCLC cases, while the median age 
was 63 for ADC and 60 for SCLC. Metastases were detected 
in 13 of the 30 ADC patients and in 8 of the 24 SCLC patients. 
Table 1 lists the clinical characteristics of the cases. The study 
used conventional cytogenetics to examine 3p and other 
chromosomal abnormalities in the peripheral blood samples 
of all patients and control subjects and used FISH techniques 
to examine their FHIT gene status.

Conventional Cytogenetics

A standard 72 h lymphocyte culture procedure was applied 
to the heparinized blood samples of the patients and control 
subjects. Giemsa-Trypsin-Leishman (GTL) banding was used 
for chromosome banding, and metaphases were evaluated 
in accordance with the International System for Human 
Cytogenomic Nomenclature (ISCN) 2016. Consistent with the 

Table 2. Distribution of structural anomalies between SCLC and ADC disease

Abnormality

            Case Number

Metastatic caseSCLC ADC

del(18)(p11) 2 4
A16-Esophagus Met

K9-Brain Met

del(6)(q15q21) 1 3 A2-Bone Met

del(22)(q12) 1 1 A2-Bone Met

del(X)(p11) - 1 -

del(3)(p22) 1 - -

t(3;5)(p25;q31) 1 - -

add(3)(q29) - 1 -

del(7)(p13) - 1 A16-Esophagus Met

i(7)(p10) - 1 A30-Brain Met

i(7)(q10) - 1 A30-Brain Met

inv(9)(p12q13) 1 - -

dic(9;11)(q34;p15) - 1 A2-Bone Met

inv(10)(q23q24) - 1 A12-Bone Met

add(10)(q26) - 1 A2-Bone Met

del(14)(q24) - 1 A12-Bone Met

chtg(16)(q21) - 1 -

der(18)del(18)(p11)del(18)(q12q22) 1 - -

del(20)(q13) 1 - K17-Brain Met

  ADC-adenocarcinoma; SCLC-small-cell lung cancer; Met: Metastasis
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ISCN rules, the chromosomal gains and structural abnormalities 
observed in two metaphases and chromosome losses observed 
in three metaphases were considered clonal. Whenever possible, 
100 metaphases were evaluated for each case, of which 20 
were captured and analyzed on an image analyzer (Ankagen/
IMGESS/Karyotyping Gv2.5) and 30 were analyzed under the 
microscope. If no chromosomal abnormality was present in these 
metaphases, another 50 metaphases would then be scored for 
chromosome 3 abnormalities. If 3p or any other chromosomal 

abnormality was observed in any stage, all metaphases of the 
case were captured and analyzed on the image analyzer.

FISH

FISH analyses were performed using a custom-designed, 
quality-controlled FHIT probe (provided by Medimiks Medical 
Biotechnology Systems & Services Ltd.) The centromere probe 
for chromosome 3 was used for the control signal (Figure 1).

Table 3. Statistical results of patients with FHIT anomaly diagnosed with ADC and SCLC according to clinical status 
variables

SCLC (24) ADC (30) p-value

Age (year), median (min-max) 59.83 (47-90) 63.07 (46-87) 0.166

FHIT, n (%)
Deletion positive
Deletion negative

7 (29.2)
17 (70.8)

9 (30)
21 (70)

0.947

Metastasis, n (%) 
Yes
No

8 (33.3)
16 (66.7)

13 (43.3)
17 (56.7)

0.454

Grade, n (%)
Grade I
Grade II
Grade III
Grade IV

0 (0)
3 (12.5)

13 (54.2)
8 (33.3)

4 (13.3)
8 (26.7)
5 (16.7)

13 (43.3)
0.015

Smoking, n (%)
Yes
No

19 (79.2)
5 (20.8)

16 (53.3)
14 (46.7)

0.048

Gender, n (%)
Female
Male

4 (16.7)
20 (83.3)

10 (33.3)
20 (66.7)

0.165

  *ADC-adenocarcinoma; SCLC-small-cell lung cancer

Figure 1. The 3p14.2 (FHIT) DNA FISH probe.
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Slides were prepared from cell suspensions and left to dry 
at room temperature. Following dehydration in subsequent 
alcohol series (70%, 85%, 100%) and air dried, the probes were 
applied on slides and denatured at 74°C for 2 min. Hybridization 
was carried out at 37°C for 18 h in a dark humidified cabin. After 
post-hybridization washes, the slides were counterstained with 

DAPI (4′-6′-diamidine-2-phenylindole) and examined under 
the fluorescence microscope (Olympus BX51, Tokyo, Japan).  
An average of 200 (range = 100-320) interphase nuclei were 
analyzed independently by two investigators. The cut-off value 
was calculated using the β inverse function in Microsoft Excel 
with a 95% confidence level on the control group’s signals as 5%.

Figure 2. The distribution of monosomies over all the chromosomes between the SCLC and ADC cases.

Figure 3. The distribution of trisomies over all the chromosomes between the SCLC and ADC cases.
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Statistical Analyses

The SPSS 20 package program was used for the statistical 
analysis, with p<0.05 being accepted as the statistical 
significance limit.

Mean, standard deviation, median, minimum, and maximum 
values are given in the descriptive statistics for continuous 
data, with percentage values presented in discrete data.

Chi-square is used to compare groups according to metastasis, 
stage, smoking status, gender, and FHIT deletion. The Mann-
Whitney U test is used to compare the ages and FHIT deletions 
in the two patient groups.

RESULTS

Conventional Cytogenetics

The study examined 100 metaphases for the 18 SCLC, 25 
ADC, and 20 control subjects and obtained good-quality 
metaphases. Karyotype formulas of the ADC and SCLC patients 
are provided in Supplementary Tables 1 and 2, respectively.

All the patients had clonal chromosomal abnormalities with 
composite karyotypes in both the SCLC and ADC groups. The 
clonal structural abnormalities observed in the series involved 
del(18)(p11) in six patients (2 SCLC, 4 ADC), del(6)(q15q21) in 
four patients (1 SCLC, 3 ADC), and del(22)(q12) in two patients 
(1 SCLC, 1 ADC). In addition to the recurrent abnormalities 
observed among patients, Table 2 also presents the clonal 
structural abnormalities that are unique to individual cases. No 
structural abnormalities were found in the control subjects.

A comparison of metastatic status and karyotype formulas 
from the ADC and SCLC cases are shown in Supplementary 
Tables 1 and 2, respectively.

Clonal numerical anomalies were detected in all patients 
from both patient groups. Monosomies of all chromosomes 
were observed in both patient groups and were the most 
prominent abnormalities in this study. Monosomy 22 (81% in 
15 SCLC and 20 ADC) and monosomy 19 (77% in 15 SCLC and 
18 ADC) were the most frequent abnormalities. Monosomy 3 
was noted in 56% (8 SCLC and 16 ADC) of the cases. The control 
group had three cases of monosomy X, which was the only 
monosomy observed in more than one control group case. All 
monosomies except monosomy X were significantly higher in 
the study groups than in the control group (p<0.05), whereas 
no significant difference was found between the study groups 
(p>0.05). Clonal trisomies of all chromosomes were also 
observed in both patient groups. Trisomy 11 was the most 
recurring and was detected in 56% (11 SCLC and 13 ADC) of 
the cases. Trisomy of chromosome 3 was seen in 44% (10 SCLC 
and 9 ADC) of the cases. All trisomies occurred significantly 
more frequently than in the control group (p<0.05), but 
no significant difference was observed between the study 
groups (p>0.05). Figures 2 and 3 present the distributions of 

monosomies and trisomies for all chromosomes among the 
SCLC, ADC, and control cases. Figure 4 shows one example of a 
complex karyotype image of an ADC case.

FISH

Interphase FISH was applied to the peripheral lymphocyte 
preparations of 30 untreated ADC, 24 untreated SCLC, and 20 
healthy control subjects using a custom-designed, quality-
controlled FHIT (3p14.2) gene probe, with at least 200 cells 
being evaluated for each case. FHIT deletion was positive in 9 
(30%) ADC and 7 (29%) SCLC patients. No significant difference 
was found between the ADC and SCLC groups (p>0.05). No 
significant difference was also found between the ADC and 
SCLC groups in terms of such anomalies as monoallelic and 
biallelic deletions, monosomy, or rearrangements (p>0.05). 
Monoallelic deletions were significantly higher in ADC and 
SCLC patients than in the control group (p<0.001 for both 
groups). Biallelic deletions were significantly higher in the 
ADC cases than in the control group (p<0.05). Monosomic 
cells were significantly higher in the ADC and SCLC patients 
than in the control group (p<0.01 and p<0.001, respectively). 
Rearrangements were significantly higher in the ADC and 
SCLC patients than in the control group (p<0.05 and p<0.01, 
respectively). No trisomic cells were observed in any group.

When comparing the patients according to their FHIT deletions 
and clinical variables such as stage, metastasis, smoking, 
gender, and age, no significant differences were found (Table 
3). Figure 5 shows one example of a FHIT FISH image from an 
SCLC case.

DISCUSSION

In cases with no constitutional chromosomal abnormalities, 
many cancer-related chromosomal abnormalities are first seen 
in peripheral lymphocytes as constitutional abnormalities 
before being observed in tumor cells, such as in del(13q) in 
retinoblastoma, 3p abnormalities in renal cell carcinoma, 
del(5q) in colorectal carcinomas, or del(11p) in Wilms’ tumor. In 
addition, some cancer cases have cancer-related chromosome 
anomalies in a small number of peripheral lymphocytes (11, 14, 
23), with 3p deletions being prominent cytogenetic findings 
in SCLC and non-small cell lung (NSCLC) tumor tissues. These 
abnormalities have been reported rarely in the peripheral 
lymphocytes of SCLC patients (8, 11, 14, 15). 

Because peripheral lymphocytes are easy to collect and process 
and are suitable for recurrent analyses, they would be valuable 
sources for predicting cancer development, prognosis, 
and future metastasis should cancer-related chromosomal 
abnormalities be scannable in this type of tissue. Efforts have 
also been made to evaluate this possibility in different cancers 
(23) apart from lung cancers (8, 11, 14, 15). However, more cases 
must be studied in order to be able to deduce the approach as 
being a feasible method.
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To enlarge the data on the subject, the current study has 
analyzed the peripheral lymphocytes of 24 untreated SCLC 
and 30 untreated lung ADC cases, alongside 20 healthy control 
subjects and observed complex karyotypes in both groups 
of cancer patients. Numerical abnormalities were observed 
to be more prominent than structural ones. Being present in 
81% (15 SCLC and 20 ADC) of the cases, this study observed 
monosomy 22 as the most frequently occurring abnormality, 
followed by monosomy 19 at a rate of 77% (15 SCLC and 18 
ADC). Monosomy 3 was noted in 56% (8 SCLC and 16 ADC) of 
the cases. All monosomies except for X, which was observed 
in three cases in the control group, were significantly higher 
than in the control group (p<0.05). However, no significant 
difference was observed between the two study groups 
(p>0.05).

This study found recurrent structural anomalies to occur in 
del(18)( p11) (14%; 4 ADC and 2 SCLC), del(6)(q15q21) (9%; 3 
ADC and 1 SCLC), and del(22)(q12) (5%; 1 ADC and 1 SCLC). 
Structural chromosome 3 abnormalities were detected in only 
2 (5%; 1 ADC and 1 SCLC) patients and occurred in del(3)(p22), 
t(3;5)(p25;q31) for the SCLC patient and add(3)(q29) for the 
ADC patient.

Abnormal karyotyped cells occurred at a rate of 1-10% in the 
control group, 13-91% in the SCLC group, and 18-75% in the 
ADC group (p<0.05). This discrepancy between the ratios 
of patient and control groups could indicate the genomic 
instability and heterogeneity of tumor cells. In fact, this 
abnormal-to-normal cell ratio in itself can be considered a 
better indicator of malignancy compared to looking for specific 
chromosomal abnormalities in peripheral blood. This index will 

Figure 4. Two karyotype image examples of an ADC case (Case No. A2) containing numerical and structural abnormalities. 
A. 46, XY, +2, -4, dic(9; 11) (q34; p15), -13, +21; 
B. 43, XY, +Y, dic(1; 8) (q44; p23), add(1) (q11), +del(1) (q11), 2, +3, dic(3;6) (p26; p25), del(3) (q21), dic(7;8) (q36;p23), add(8)(p21), 
dic(9;19)(q34;p13), add(10)(q26), -13,-14, ace1, dmin
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also cover the cells with nonclonal abnormalities that have 
previously been ignored as background noise and not included 
in the karyotype formulas but only recently were considered as 
significant indicators of genome instability (24).

A previous study reported cytogenetic results regarding 
peripheral lymphocytes in two SCLC cases (8). One of the 
cases involved a 57-year-old woman (Case 1) who had bone 
metastasis at the time of diagnosis and later developed a brain 
metastasis. The other patient was a 71-year-old man (Case 2), 
and the smoking history was positive for both patients. Blood 
samples were collected before the cytotoxic therapy. Case 1 
had an extremely complex karyotype consisting of diploid 
and tetraploid clones heavy with structural and numerical 
chromosomal abnormalities. She had various chromosome 3 
abnormalities, both clonal and nonclonal. This case was the 
main reason for planning to perform the current study. Case 2 
had a less complicated karyotype without clonal chromosome 
3 abnormalities, while nonclonal inv(3)(p14q29) was observed 
in two cells (one diploid, one tetraploid) in Case 1. Although 
the current study did not observe the same chromosome 3 
abnormalities in its cases, a common breakpoint was observed: 
3q29 was seen to be involved in two different inversions of 3 
in the previous study and in one ADC case (patient A10) in the 
current study. The inversions with the 3q29 breakpoint that 
were observed in the previous study were inv(3)(p14q29) and 
inv(3)(q21q29), with inv(3)(p14q29) being observed in the one 
cell of Case 2, as well as the one diploid and one tetraploid 
cell of Case 1. Meanwhile, add(3)(q29) was the abnormality 
associated with the breakpoint 3q29 in the current study’s 
ADC case for patient A10. No other common structural 
chromosomal abnormalities were observed between the 
two cases in the previous study or in the cases of the current 

study. As for numerical abnormalities, no trisomies had been 
found in the previous study, while some monosomies had 
been found in Case 1. Among these were monosomies 2, 8, 
12, 16, and 17 in the diploid clone and monosomies X, 1, 7, 13, 
17, 21, and 22 in the tetraploid clone. Monosomy 22 is one of 
the most frequent abnormalities of the current series, along 
with monosomy 19, with these being seen in 35 and 33 cases 
(81% and 77%), respectively. The previous study examined 63 
cells in total for Case 1. Only six of these cells showed a normal 
karyotype, while 33 cells had at least one clonal abnormality 
and were included in the composite karyotype. Also, 24 cells 
carried nonclonal abnormalities. Overall, 90.4% of the cells 
were abnormal. However, the previous study investigated 100 
cells for Case 2, with only 11 abnormal karyotyped cells (either 
clonal or nonclonal) being found. Therefore, this case would be 
indistinguishable from normal subjects when using peripheral 
blood cytogenetics if one of the nonclonal abnormalities is not 
inv(3)(p14q29), which is known as an abnormality associated 
with lung cancer.

Dave et al. reported cytogenetic results regarding the primary 
tumors and peripheral lymphocytes of 10 lung cancer cases (9 
NSCLS and 1 SCLC) (14). They reported concordance between 
chromosomes altered in the lymphocytes and tumor cells of the 
same case, although sometimes the abnormality was able to 
differ. Moreover, they stated this to imply that “the susceptibility 
of particular chromosomes to break more frequently than 
others” is what is transmitted from the progenitor cells. 
However, they observed mainly numerical abnormalities in 
their work, with practically all chromosomes appearing altered. 
They concluded the genomic instability at the chromosomal 
level in the peripheral blood lymphocytes to correspond 
with tumors and “peripheral blood lymphocyte chromosomal 

Figure 5. FISH image of an SCLC case (Case No. K9) containing (a): monoallelic (2G1R) deletion, (b) rearrangements (2R1G), (c) normal 
cell (2R2G), (d) biallelic (2G) deletion, and € monosomy (1R1Y). (Note: Green = centromere region of the 3rd chromosome, red = FHIT 
gene region of the 3rd chromosome)
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analysis has a promising future in the genetic analysis of lung 
cancers” (14). Along with this comparative report between the 
tumor and peripheral blood of the same cases, Dave et al. also 
published the results of a broader cohort that examined only 
the peripheral lymphocytes of 96 untreated lung cancers and 
74 normal control subjects in the same year. They declared in 
their report that more than 15% of their cases had structural 
or numerical chromosomal abnormalities for chromosomes 
1, 3, 5, 7, 9, 12, 14, and 21 (11). These chromosomes had also 
been reported as being frequently involved in over 20% of the 
cases in their first-mentioned study (14). As for chromosome 3, 
their comparative study observed that, while chromosome 3 
had been structurally rearranged in all 10 tumors, it had been 
rearranged in the peripheral lymphocytes in six cases (14).

De Fusco et al. reported chromosome aberrations of peripheral 
blood in seven SCLC cases. They found no chromosome 3 
abnormalities but observed four aneuploid cells in one case: 
-Y in two cells, +5 and +12 in one, and +8 and +12 in another 
cell. Because +5, +8, and +12 were involved in the complex 
karyotype of the tumor tissue of the same patient and because 
the patient who had entered remission after treatment had 
relapsed and developed brain metastasis afterward, they 
commented that the aneuploid peripheral cells might have 
been circulating the tumor cells responsible for the metastasis 
(15).

When considering the cases in the literature alongside the 
current study, peripheral blood cytogenetics can be helpful as 
an indicator of chromosome instability with the observation 
of higher percentages of karyotypically abnormal -especially 
aneuploid- metaphases, as well as specific chromosomal 
abnormalities for the malignancy in question. However, quite a 
number of metaphases (100 if possible) need to be examined, 
and this is time- and effort-consuming in addition to also 
requiring expertise. Time and effort issues can be overcome 
to some extent through automatization when scanning the 
slides and capturing and analyzing the metaphases. However, 
finalizing the analyses will still require quite a lot of time and 
effort of an expert cytogeneticist. Therefore, conventional 
cytogenetics does not seem very practical for this purpose.

In addition to the cytogenetic analyses, this study performed 
FISH analyses to identify any possible submicroscopic deletions 
in the 3p14-21 critical region by targeting the FHIT gene in this 
region. FHIT is a tumor suppressor gene and a DNA caretaker. 
Loss of heterozygosity (LOH) in FHIT has been reported in 
previous studies and is considered an early alteration in lung 
cancer (5, 7, 25-27), with loss of FHIT expression causing 
genomic instability.

The current study detected FHIT deletion in about 30% of 
the patients (9 ADC and 7 SCLC), which was significantly 
higher than in the control group (p<0.05). Although the LOH 
of FHIT is reported in more than 50% of precancerous lesions 
and tumors, when considering that the material this study 
examined was peripheral blood, the rate in this study can be 

considered high. FHIT deficiency causes replication stress 
and DNA breaks. Replication stress can lead to micronucleus 
formation, aneuploidy, copy number alterations, and deletions 
at common fragile sites. 

Owing to co-localization with FRA3B, the abnormal expression 
of FHIT boosts replication stress in this region, leading to FHIT 
deletions (28). FHIT loss causes genomic instability, leads 
to a mutator phenotype with a very high mutational rate, 
and accelerates tumorigenesis, progression, and metastasis. 
Because of these effects, FHIT mutations are considered as 
a driver mutation in cancer and could serve as a prognostic 
biomarker for many cancers (19, 26). Regarding the current 
study’s rate using FISH, obtaining these deletions and 
mutations in circulating cells in the blood can possibly be 
considered significant. However, the FHIT status in the tumor 
tissue remained unclear in this study’s patients due to being 
unable to access the tumor materials for a comparison. This can 
be considered as a limitation of the study. Further studies are 
needed for comparing FHIT status in blood and tumor samples 
and for assessing its potential as a biomarker.

In conclusion, the FISH technique could be useful for detecting 
FHIT loss in blood samples apart from tumor tissues. FISH is 
also capable of indicating aneuploidy as a marker of genomic 
instability. Present and future reports will enable the selection 
of recurring aneuploidies to scan with centromeric FISH probes 
along with relevant locus-specific probes to create a FISH panel 
for lung cancer.
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Supplementary Table 1: Comparison of karyotype formulas with metastatic status of ADC cases

ADC Case No
                 Karyotype Formula Metastasis Status

A1
38~45,XY,-Y[6],-8[5],-9[3],-10[3],-11[5],- 12[5],-13[3],-14[3],-17[3],-18[4],-19[5], 
- 20[7],-21[6],-22[3][cp20]/18~28,X,+Y[2],+1[3],+9[2],+11[2],+13[2], 
-18[3][cp3]/46,XY[71]

Liver Met

A2

38~48,XY,+Y[2],-1[3],-2[4],+2[2],-3[3],-4[3],-5[3],del(6)(q15q21)[3],- 8[5],dic(9;11)
(q34;p15)[2],+10[2],add(10)(q26)[2],+11[3],-13[4],+13[2],-15[3],- 17[6], 
-19[4],+19[2],-21[4],+21[3],- 22[4]+22[2],del(22)(q12)[2],ace1[6],dmin[5]
[cp27]/17~31,X,+Y[3],+2[2],+9[2],+13[2][cp3]/46, XY[55]

Bone Met

A3
38~45,XY,-8[8],-11[4],-14[4],-16[4],-17[4],-18[4],del(18)(p11)[2],-19[6],-20[8],-21[8], 
-22[6][cp30]/46,XY,del(6)(q15q21)[2]/46,XY[55]

-

A4 32~45,XX,-X[9],chtg(16)(q21)[4][cp12]/47,XX,+21[2]/46,XY[74] -

A5

40~46,XX,-X[9],+Y[2],-2[3],-3[3],-6[3],-7[3],-10[3],- 
15[3][cp15]/16~34,X,+1[3],+2[5],+3[4],+4[4],+5[6],+6[3],+7[4],+8[4],+9[4],+10[4],+1
1[6],+12[3],+13[3],-15[3],+15[3],+16[5],-17[3],+17[3],+19[2],+20[2],+21[4], 
-22[4],+22[2][cp10]/46,XX[68]

-

A6 35~45,XY,-Y[6],-4[4],-6[4],-7[5],-18[4],-21[3][cp14]/ 46,XY[78] -

A7
36~45,XY,-5[3],-7[4],-10[6],-15[4],-16[5],-17[3],-22[7][cp17]/
27~33,X,+1[3],+6[2],+7[2],+10[2],+15[2],+16[2],+17[2],+18[3]
+19[2],+20[2],+21[2][cp3]/47,XY,+21[2]/4 6,XY[68]

-

A8
39~45,XY,-Y[4],-2[3],-6[3],-14[4],-16[4],-19[4],-20[5][cp15]/
25~33,X,+2[3],+11[3],+12[2],+14[2],+15[3] [cp3]/46,XY[56]

Liver Met

A9
37~45,XX,-X[9],-2[3],-3[3],-5[3],-6[3],-7[3],-8[4],-14[3],-18[3],-19[5],-21[5], 
-22[6][cp25]/26~28,X,+6[2],+9[2],+10[2],+11[3],+12[4],+13[3],+15[3],+22[2]
[cp4]/46, XX[51]

Brain Met

A10

36~46,XX,-X[17],del(X)(p11)[2],-3[3],add(3)(q29)[4],-5[4],-6[4], 
-7[3],-8[5],- 10[6],-13[3],-14[3],15[3],-18[3],-19[5],- 20[3],-21[3],- 22[3]
[cp37]/47,XX,+X[3]/47~48,XX,+8[3],+ 10[2][cp3]/28~32,X,+1[2],+3[2],+7[2], 
+12[2],+17[2][cp2]/46,XX[52]

-

A11

38~47,XX,-X[21],-4[3],-5[4],- 6[6],del(6)(q15q21)[4],-7[3],-8[7],-9[6], 
-10[12],-11[6],-12[4],-13[6],-14[5],-15[5],- 16[7],-17[4],-19[4],-20[7],-21[7],-22[6]
[cp50]/18~33,X,+X[3],+1[3],+2[3],+3[2],+4[3],+5[2],+6[3],+7[3],+8[2],+9[4], 
+10[3],+11[3],+12[4],+13[3],+14[3],+16[5],+17[3],+18[4],+19[2],+20[5],+21[4], 
+22[4][cp 7]/46,XX[36]

-

A12
39~46,XY,inv(10)(q23q24)[5],del(14)(q24)[4],-18[4],-19[5],-20[4],-21[4],- 22[4]
[cp22]/27~32,X,+Y[2],+1[3],+4[2],+6[2],+7[2],+9[2],+12[2],+15[2],+16[2],
+22[2][cp3]/46,XY[70]

Bone Met

A13 NMFE -

A14 NMFE
Liver Met+ Bone Met
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A15

35~45,XY,-X[6],-Y[6],-1[4],-2[13],-3[16],-4[9],-5[3],-6[16],-7[10],-8[15],-9[14], 
-10[9],-11[10],-12[13],-13[18],-14[14],-15[11],-16[11],-17[20],-18[4],-19[11], 
-20[9],-21[13],-21[4],- 22[9][cp56]/26~33,X,- X[5],
+Y[6],+1[9],+2[5],+3[11],+4[8],+5[10],+6[3],+7[7],-8[4],+8[3],+9[5], 
-10[3],+10[6],-11[3],+11[9],+12[11],-13[5],+13[9],+14[7],-15[6],+15[4], 
-16[3],+16[8],-17[4],+17[5],+18[11],+19[5],+20[4],-21[6],+21[9],-22[3], 
+22[9][cp18]/46,XY[20]

-

A16

35~46,XX,-X[28],-2[9],-3[17],-4[6],-5[7],-6[8],-7[6],del(7)(p13)[3],-8[8],-9[4], 
-10[7],-11[4],-12[7],-13[4],-14[7],-15[11],-16[8],-17[9],-17[3],-18[9],del(18)(p11)[5], 
-19[20],-20[12],-21[9],-22[10][cp57]/21~33,X,-X[4],+X[2],+1[6],+2[4],- 3[3]+3[4], 
+4[3],+5[6],+6[6],+7[4],+8[3],+9[5],+10[5],+11[4],+12[4],+13[5], 
-14[4],+14[4],+15[7],+16[2],+17[3],-20[3],+20[4],+21[5],+22[6][cp12]/46,XX[26]

Esophagus Met

A17
35~50,XX,-X[6],+X[5],-2[6],-3[4],-4[8],-6[8],-7[5],-7[3],-8[8],-9[3],-10[4], 
+10[2]-11[4],-13[5],-14[3],-15[4],-20[12],-21[9],-21[4],-22[12][cp43]/46,XX[44]

-

A18
35~45,XY,-3[5],-4[3],-5[3],-7[3],-9[5],-10[10],-12[4],-14[6],-17[8],-18[4],-20[6], 
-21[9],-22[5][cp27]/46,XY[50]

Esophagus Met

A19
36~46,XY,-Y[4],-1[4],-3[4],-8[8],-11[4],-12[6],-16[6],-17[4], 
-18[4],del(18)(p11)[2],-19[6],-20[6],-21[6],-22[6][cp32]/46,XY[46]

-

A20 NMFE -

A21 NMFE Brain Met+Bone Met

A22 NMFE Bone Met

A23

40~46,XY,-5[3],-8[13],-9[6],-13[7],-14[4],-15[4],-17[6],-18[4],-19[15],-20[6],-21[6], 
-22[8][cp43]/22~33,X,+Y[16],+1[9],-2[6],+2[5],+3[8],-4[3],+4[6],+5[6],+6[12], 
-7[4],+7[9],+8[2],+9[7],+10[6],-11[6],+11[5],-12[3],+12[6],-13[3],+13[8], 
-14[4],+14[3],-15[7],+15[6],+16[6],-17[5],+17[6],+18[5],-19[3],+19[3],+20[5], 
-21[3],+21[5],-22[6],+22[3][cp17]/46,XY[32]

Brain Met

A24
35~46,XY,-Y[3],-1[7],-3[7],-4[10],-5[11],-7[4],-9[8],-10[9],-11[4],-12[15],-13[8], 
-14[6],-16[6],-17[7],del(18)(p11)[5],-

-

19[16],-20[8],-21[3],-22[11][cp50]/22~34,X,- X[7],+Y[11],+1[5],+2[6],+3[4],+5[4], 
- 6[4],+6[6],+7[5],+8[3],-9[6],+9[5],+10[6],+11[7],+12[6], 
13[4],+13[6],+14[9],+15[10],+16[7],-17[3],+17[7],+18[6],
del(18)(p11)[2],+20[3],-21[3],+21[4],+22[6][cp14]/46,XY[29]

A25
40~46,XY,-X[3],-3[5],-6[4],-7[4],-10[4],-12[3],-13[6],-18[4],-19[5], 
-20[3][cp21]/46,XY[64]

-

A26

35~45,XY,-Y[3],-1[6],-3[6],-4[4],-5[7],-6[4],-7[4],-8[8],-9[7],-10[12],-11[5], 
-12[3],-13[7],-15[4],-16[11],-16[4],-17[10],-18[9],-19[4],-19[4],-20[12],-
21[12],-22[8]
[cp42]/27~30,X,+Y[2],+1[2],+2[4],+4[2],+6[4],+7[2],+8[2],+9[2],+11[2],+12[2], 
+16[2],+17[2],+18[2],+19[2],+20[2][cp4]/46,XY[44]

-

A27
36~46,XY,-1[4],-3[4],-5[5],-6[4],-7[5],-8[7],-9[5],-10[7],-13[4],-14[5],-15[6], 
-17[4],-18[4],-19[5],+21[4][cp25]/46,XY[57]

-

A28
36~45,XY,-X[5],-Y[10],-2[5],-3[9],-4[9],-5[9],-6[6],-7[5],-8[15],-9[9],-10[11], 
-11[9],-12[7],-13[9],-14[9],-15[7],-16[9],-17[18],-18[10],-19[16],-20[19],-21[10], 
-22[18],-22[7][cp50]/46,XY[32]

-

A29
35~45,XY,-1[4],-3[4],-8[4],-10[4],-11[4],-12[8],-14[3],-15[3],-16[9],-17[8],-18[6], 
-19[4],-20[12],-21[13],-22[8][cp29]/28-34,X,+Y[3],+2[3],+3[4],+4[4],+8[4],+10[2],
+11[3],+13[4],+15[2][cp4]/46,XY[31]

Bone Met
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30

35~48,XY,+X[2],-Y[4],-1[6],-3[7],+3[6],-4[7],-5[5],-6[8],+6[2],der(7)t(7;7)(p10;q10)
der(7)(q10;q10)[5],i(7)(q10)[7],-8[10],-10[4],-11[4],+11[2],-12[9],-13[10],-14[3], 
-15[7],-16[8],-17[3],-18[6],-19[6],-20[9],-21[13],-22[12],+22[3][cp34]/19~27,
X,-X[5],+1[2],-2[4],+4[2],+5[2],-8[3],-13[3],+14[3],+16[3],-18[3],+21[3],+22[2]
[cp6]/46,XY[23]

Brain Met

*ADC-adenocarcinoma; Met-Metastasis; NMFE- No Metaphase Found to Evaluate

Supplementary Table 2: Comparison of karyotype formulas with metastatic status of SCLC cases

SCLC Case No                Karyotype Formula Metastasis Status

K1

36~46,XY,-Y[7],-2[3],-4[3],-6[4],-8[3],-10[4],-11[4],-12[5],-15[6],-16[3],-17[3], 
-18[4],-20[6],-21[4],-22[3][cp23]/22~33,X,+Y[4],+1[3],+2[3], 
+3[3],+4[4],+5[3],+6[2],+6[2],+7[4],+8[2],+10[2],+11[2],+12[2],+13[2],+14[2], 
+16[3],+17[3],-18[3],+18[2],+19[2],+21[3],-22[5][cp6]/46,XY[61]

Liver Met+Muscle Met

K2

36~45,XY,-X[3],-1[3],-3[4],-5[3],-10[5],-11[3],-12[5],-13[4],-18[7],-20[3], 
-22[3][cp18]/28~34,X,+Y[2],+2[4],+3[2],+4[3],+5[2],+6[2],+7[2],+8[3],
+10[4],+12[2],+15[2],+16[4],+17[4],+18[2],+19[4],+20[3],+21[2],+22[3][cp5]/46, 
XY[61]

-

K3

36~45,XY,-1[5],-2[3],-4[5],-5[7],-6[4],-7[4],-8[9],-9[3],-10[6],-11[3],-12[4], 
-13[4],-15[3],-17[7],-19[10],-20[3],-21[3],-22[7][cp27]/28~33,X,+Y[3],+1[3],+3[2], 
+5[3],+7[3],+9[2],+10[2],+11[2],+13[2],+14[3],+15[4],+16[2],+17[3],+19[4],+20[2],
+21[2],+22[3][cp5]/46,XY[64]

-

K4 42~45,XY,-Y[4],-3[3],-10[5],-12[3],-20[3],-22[5][cp19]/46,XY[59] Brain Met

K5
41~46,XX,-X[3],-8[3],der(18)del(18)(p11)del(18)(q12q22)[7][cp11]/40~45,XX, 
- 19[cp4]/46~47,XX,+8[cp2]/46,XX[69]

-

K6 NMFE -

K7 NMFE -

K8 NMFE Brain Met

K9
35~52,XY,-1[4],-3[5],-6[4],-6[3],-7[4],-8[3],-9[4],-10[5],-11[4],-13[3], 
-14[4],del(18)(p11)[9],-19[3],-20[6],-21[10],-22[5],+22[2][cp32]/19~30,X,+Y[2],+4[2],
+6[2],+8[2],+9[2],+11[3],+14[2],+15[2],+ 20[2],-22[4][cp4]/46,XY[51]

Brain Met

K10 NMFE -

K11 NMFE -

K12

35~46,XY,-X[5],-Y[7],-1[6],-2[7],-3[4],-4[6],-5[9],-6[6],-7[7],-8[16],-9[9], 
-10[11],-11[4],-12[18],-13[7],-14[7],-15[5],-16[11],-17[5],-18[8],-19[19], 
-19[4],-20[15],-20[3],-21[8],-22[9][cp47]/24~33,X, 
+ Y[5],+1[4],+2[10],+3[5],+4[6],+5[6],+6[7],+7[4], 
-8[3],+8[2],+9[3],+10[5],+11[8],+12[7],+13[8],+14[4],+15[8],+16[5], 
-17[4],+17[4],+18[5],+19[4],-20[3],+20[6],+21[7],-22[5][cp14]/46,XY[21]

Head and Neck Met

K13

36~46,XY,-X[6],-1[4],-2[6],-7[4],-8[4],-9[6],-10[6],-11[7],-12[8],-13[4],-15[6], 
-16[5],-17[10],-18[13],-19[8],-20[6],-22[10][cp39]/33,X,+ Y[4],+1[4],+2[4],+3[3], 
+4[4],+5[2],+7[3],+9[2],+11[4],+12[3],+14[2],+15[3],+16[4],+17[3],+20[3],+21[2]
[cp5]/46,XY[42]

Brain Met+Bone Met
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K14

35~46,XY,-X[6],-Y[10],-1[14],-2[12],-3[10],-4[10],-5[14],-6[6],-7[6],-8[13], 
-9[6],-10[10],-11[4],-12[10],-13[12],-14[12],-15[12],-16[15],-17[10],-18[10], 
-19[20],-20[12],-20[6],-22[8][cp53]/20~23,X,+Y[4],+1[12], 
-2[4],+2[6],+3[13],+4[8],+5[5],-6[7],+6[4],-7[3],+7[7],+8[10], 
-9[7],+9[5],-10[4],+10[5],-11[3],+11[13],+12[9],-13[5],+13[6], 
-14[5],+14[7],-15[3],+15[4],-16[3],+16[10],-17[4],+17[8],+18[7],+19[7],-

-

20[3],+20[5],-21[6],+21[3],-22[4],+22[5][cp18]/46,XY[28]

K15

36~45,XY,-1[3],-3[7],-4[9],-5[7],-6[8],-7[5],-8[12],-9[7],-10[9],-12[5],-13[6], 
-14[14],-15[11],-16[14],-17[9],-18[9],-19[13],-19[4],-20[13],-21[14], 
-22[6][cp45]/28~32,X,+Y[11],+1[7],+2[5],+3[9],+4[6],+6[3], 
-7[3],+7[3],+8[8],+9[11],-10[4],+10[3],-11[3],+11[3],+13[8],+14[6],+15[6],+16[6]
,+17[5],+18[2],-19[5],-20[4],+21[5],+22[10][cp12]/46,XY[37]

-

K16

40~45,XY,-3[4],-5[6],-11[4],-14[4],-17[6],-19[7],-21[13], 
-22[6][cp36]/32~34,X,+Y[3],+1[2],+2[3], 
+8[2],+9[2],+11[3],+12[2],+13[3],+16[2], 
+20[3],+21[3][cp3]/46,XY[51]

-

K17

38~47,XY,-2[4],-7[7],-8[4],-9[3],-10[4],-11[4],-12[4],-14[6],-15[3],-19[4], 
-20[10],del(20)(q13)[4],-21[12],+21[4],-22[6][cp41]/30~34,X,+Y[6], 
-1[3],+1[3],+3[6],+4[3],+5[3],+6[2],+7[2],-8[3],+8[3],+9[3],+10[4],+11[2],+12[2], 
+13[3],+14[2],+15[2],+16[4],+18[3],+19[5],+21[3],+22[2][cp6]/46,XY[42]

Brain Met

K18 NMFE -

K19

35~46,XY,-3[7],-5[8],-6[3],-8[8],-9[8],-10[8],-11[11],-11[4],-12[4],-13[3], 
-14[8],-15[6],-16[11],-17[8],-18[7],-19[8],-20[6],-21[4], 
-22[8][cp38]/21~34,X,- X[5],+Y[3],+1[3],+2[3],-3[3],+4[4], 
-6[3],+6[3],+7[5],+8[2],+9[2],+10[2],+12[3],+13[3],+14[3],+15[3],+17[6],+20[3], 
-22[3],+ 22[2][cp6]/46,XY[47]

-

K20
33~46,XX,-X[8],-2[3],-4[3],del(6)(q15q21)[5],-13[3],-13[3], 
-16[4],-17[5],-19[6],-20[3],-21[4],-22[5][cp32]/46,XX[51]

-

K21
37~47,XY,-Y[8],-6[6],-9[7],-10[3],-12[11],-13[8],-14[5],-16[3],-17[3], 
-18[6],-19[10],-20[6],-21[8],-22[5][cp36]/46,XY[55]

Bone Met

K22

38~50,XX,-X[5],+X[3],-6[4],-7[4],-12[6],-14[4],-17[8],-17[3],-18[6],-19[4], 
-22[4],del(22)(q12)[5],+mar2[3],+mar2x3 [2][cp29]/22~32,X,+ X[4],+1[2],+3[2]+4[2],
+5[2],+6[3],+8[3],+9[2],+11[2],+12[3],+13[4],+15[3],+16[3],
+19[2],+21[2][cp5]/46,XX[48]

-

K23

36~46,XY,-1[3],-2[4],t(3;5)(p25;q31)[2],-4[7],-5[4],-6[4],-7[7],-8[13], 
-9[8],inv(9)(p12q13)[71],-10[4],-11[6],-12[10],-14[4],-15[3],-16[8],-17[8], 
-18[7],-18[3],-19[9],-20[6],-21[8],-22[5][cp84]/30~33,X,+Y[4],+1[4],+2[4], 
+3[4],del(3)(p22)[2],+4[2],+5[6],+6[4],+7[4],inv(9)(p12q13)[4],+10[4],+11[6], 
+12[2],+13[2],+14[4],+16[2],+17[6],+18[2],+20[2],+21[4],-22[4],+22[2]
[cp6]/46,XY[9]

-

K24 38~45,XY,-Y[4],-5[3],-7[3],-12[3],-16[3],-17[4],-19[5],-21[5][cp10]/46,XY[70] -

*SCLC-small-cell lung cancer; Met-Metastasis; NMFE- No Metaphase Found to Evaluate
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ABSTRACT

Objective: Nephrotic syndrome is the most frequent cause of membranous nephropathy (MN) in adults. Growth differentiation factor 
(GDF)-15 is a cytokine released under stress and associated with increased incidence of chronic kidney disease and/or decreased renal 
function in conditions such as diabetic nephropathy, IgA nephropathy, lupus nephritis, and primary MN. The diagnosis of MN is made by 
biopsy, which is an invasive procedure. A non-invasive biomarker is needed for timely and risk-free diagnosis. This study aimed to estimate 
the GDF-15 level in patients with MN to determine if it can be used as a noninvasive biomarker for the diagnosis of MN.

Materials and Methods: The study included 88 patients with MN. Sera were obtained from peripheral blood collected from the patients. 
GDF-15 levels were analyzed using enzyme-linked immunosorbent assay (ELISA). 

Results: GDF-15 level was high in older patients that in younger patients. The glomerular filtration rate was low in patients with increased 
GDF-15 levels. Furthermore, a decrease in GDF-15 levels was observed in patients in remission.

Conclusion: GDF-15 level may be used as a biomarker to predict the progression of MN rather than a diagnostic biomarker.
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INTRODUCTION

Membranous nephropathy (MN), a glomerulopathy, is 
one of the most important causes of idiopathic nephrotic 
syndrome in the adult age group (1). A definitive diagnosis 
can be made with a kidney biopsy. Considering that biopsy 
protocols differ among countries, there is a regional variance 
in the incidence of the disease. The disease is seen twice 
as often in men than in women. MN is a long-term disease 
that undergoes spontaneous remission in approximately 
30% of the patients. Nonetheless, progression to end stage 

kidney disease (ESKD) may develop within 5 to15 years in 
30–40% of the patients with MN (2). Approximately 75% of 
the MN cases are primary MN (idiopathic-IMN) and 25% are 
secondary MN (due to autoimmune diseases, infections, or 
malignancies).

Growth differentiation factor (GDF)-15 is a cytokine 
produced in several tissues in response to stress and whose 
levels increase in response to stimuli in some diseases. 
However, the underlying mechanisms remain unknown. 
GDF-15 levels are significantly increased in patients with 

*This article is derived from Aida Adikozalova's PhD dissertation in Medical Biology, conducted under the supervision of Prof. Dr. Cigdem 
Kekik Cinar, 10537977 of the Council of Higher Education Thesis Centre.
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IMN and negatively correlated with the glomerular filtration 
rate (eGFR) (3, 4).

Increased level of circulating GDF-15 has been linked to a 
decrease in estimated glomerular filtration rate (eGFR), kidney 
damage, and progression to ESKD, and it may be a marker of 
chronic kidney damage (5, 6). Based on the studies conducted 
to date, we hypothesized that high circulating GDF-15 levels 
may be used as a diagnostic biomarker of MN in patients.

MATERIALS AND METHODS

Study Population

Eighty-eight adult patients, who presented to the Department 
of Nephrology, Istanbul Faculty of Medicine, Istanbul University 
(Istanbul, Turkiye) between 2010 and 2017 and were diagnosed 
with MN based on biopsy examination, were included in the study. 
The study was approved by the clinical experiments local ethical 
committee of Istanbul University Istanbul Faculty of Medicine (No: 
2018/1260; date: 03/10/2018), and informed written consent was 
obtained from the study participants. The study was conducted in 
accordance with the principles of the 1975’s Helsinki Declaration. 
Blood samples were obtained at the time of diagnosis, and 51% of 
patients had stage II of MN. No control group was included in the 
study. The reference range of GDF-15 was 399–1335 pg/mL based 
on the comparison of sex, lifestyle, and biological factors between 
healthy individuals (7, 8). 

Clinical Parameters

Proteinuria, proteinuria at follow-up, serum albumin, serum 
creatinine, serum creatinine at follow-up, eGFR hemoglobin, 
serum albumin, systolic blood pressure, diastolic blood 
pressure, BMI (kg/m2), remission and ESKD were compared 
with GDF-15 level. Immunosuppressive agents such as 
mycophenolate mofetil, cyclophosphamide, cyclosporine, 
and steroids and antihypertensive drugs such as angiotensin 
receptor blockers (ARBs) and/or angiotensin-converting 
enzyme inhibitors (ACEIs) were administered to the patients 
during the treatment process.

Measurement of Serum GDF-15 Levels

Blood was obtained once from the patients at the diagnosis. 
The serums obtained from the blood samples were stored 
at -20°C until they were analyzed. The GDF-15 levels were 
measured using enzyme-linked immunosorbent assay (ELISA) 
(Human GDF-15; Thermo Fisher Scientific, Waltham, MA, USA) 
according to the manufacture’s instructions, and the results 
were read at 450 nm.

Statistical Analyses

The sample size was calculated using an online-based software 
(http://clincalc.com/stats/SampleSize.aspx). Based on the 
mean GDF-15 levels in literature, at least 81 participants 
were required for a 20% difference (significant difference), an 
alpha error of 0.05, and 80% power. However, we included 
90 patients to compensate for patients who may be lost to 

Table 1: Demographic data of the patients

Characteristics

Age, year 53.59 ± 13.82

Age at the time of diagnosis 46.3 ± 13.5

Sex, Male / Female, n 51/37

BMI, kg/m2 78.90 ± 14.7

Systolic blood pressure, mmHg 131.42 ± 19.2

Diastolic blood pressure, mmHg 81.13 ± 12.5

Serum albumin, g/dL 2.80 ± 0.8

Serum creatinine, mg/dL 0.9 ± 0.4

Serum creatinine on follow-up, mg/dL 1.2 ± 1.1

Hemoglobin, g/dL 12.93 ± 2.3

eGFR, mL/minute/1.73m2 102.21 ± 52.1

Proteinuria, mg 5677.79 ± 3545.6

Proteinuria on follow-up, mg 2869.82 ± 3003.5

Data are presented as mean ± SD unless stated otherwise

BMI, body mass index; eGFR, estimated glomerular filtration rate

Table 2: Relationship between serum GDF-15 levels and the 
demographic and clinical parameters of the patient

Clinical parameters N r p-value

Age, year 88 0.229 0.032

Proteinuria, mg 80 0.076 0.501

Proteinuria on follow-up, mg 74 0.333 0.004

Serum creatinine, mg/dL 88 0.268 0.012

Serum creatinine on follow-up, 
mg/dL

82 0.209 0.059

eGFR, mL/minute/1.73m2 88 −0.249 0.019

Hemoglobin, g/dL 86 −0.06 0.580

Serum albumin, g/dL 88 −0.11 0.308

Systolic blood pressure, mmHg 53 0.79 0.575

Diastolic blood pressure, mmHg 53 −0.27 0.850

BMI, kg/m2 52 0.052 0.713

eGFR, estimated glomerular filtration rate; BMI, body mass index; N, number; 

r, correlation coefficient, p<0.05 is significant.
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follow-up. Statistical analyses of the data were performed 
using SPSS (version 29.0.0.0; IBM, Armonk, New York, USA). 
The Kolmogorov Smirnov test was used to assess normality of 
distribution of the continuous data. The normally distributed 
data are presented as mean ± standard deviation, and the 
non-normally distributed data are presented as median 
(minimum–maximum). To determine the relationship between 
a dependent variable and one or more explanatory variables, 
linear regression analysis was performed. The Pearson 
correlation test was used to assess the relationship between 
age and GDF-15 levels. The Chi-square and Fisher’s exact tests 
were used to evaluate categorical data, which are presented as 
numbers and percentages values, between the patient groups. 
A p-value of <0.05 was considered statistically significant. A 
receiver operating characteristic (ROC) curve demonstrating 
the prognostic sensitivity and specificity of GDF-15 levels was 
constructed using the eGFR value, which is an indicator of 
kidney disease progression (>90 mL/min and <90 mL/min). A 
GDF-15 value of >6500 pg/mL demonstrated 81% specificity 
and 77.8% sensitivity in predicting disease progression. The 

patients were segmented into two groups depending on these 
cut-off values. Group 1 included patients with a GDF level of 
<6500 pg/mL, and Group 2 included patients with a GDF level 
of >6500 pg/mL. A GDF-15 cut-off value of 6500 pg/mL was 
specified to predict disease progression. The AUC value (0.684) 
for the GDF-15 level was within the confidence interval (95% 
CI) of 0.529 to 0.838 (p=0.003) (Figure 1).

RESULTS

The mean age of the patients was 53.59 ± 13.82 years (range: 
25–77), and the mean age of the patients at time of diagnosis 
was 46.30 ± 13.53 years (range: 19–70). The patient group 
included of 51 males (58%) and 37 females (42%) (Table 1). 

Demographic and Clinical Parameters and the 
GDF-15 Levels

The mean follow-up period in the patient group was 87.75 ± 
29.30 months (range: 48–180; Inter Quartil Range: 48). There 
was no significance between the serum GDF-15 level and 

 Table 3: Comparison of patient characteristics in Groups 1 and 2

 
Group 1  
(n = 53)

Group 2  
(n = 35)

p-value

Age, year 50.83 ± 13.6 57.77 ± 13.3 0.002*

Sex, Male / Female, n 30/23 21/14 0.752

Age at the time of diagnosis 43.26 ± 13.4 50.89 ± 12.6 0.009*

Weight, kg 79.2 ± 15.3 78.4 ± 14 0.847

Systolic blood pressure, mmHg 131.4 ± 21 131.5 ± 16.3 0.519

Diastolic blood pressure, mmHg 82.7 ± 12.8 79.7 ± 12.2 0.426

Serum albumin, g/dL 2.78 ± 0.9 2.84 ± 0.8 0.745

Serum creatinine, mg/dL 0.75 ± 0.3 1.1 ± 0.5 <0.0001

Serum creatinine on follow-up, mg/dL 0.85 ± 0.31 1.7 ± 1.67 0.001*

Hemoglobin, g/dL 13.3 ± 2.6 12.4 ± 1.6 0.066

eGFR, mL/minute/1.73 m2 116.1 ± 51.01 81.2 ± 46.5 0.002*

Proteinuria, mg 5474.8 ± 3423.5 5998.7 ± 3765.4 0.523

Proteinuria on follow-up, mg 2014.9 ± 2104.2 4196.4 ± 3683 0.002*

Remission % 39/11 73.58/20.75 16/17 37.14/48.57 0.005*

ESKD % 50/1 94.33/1.88 30/3 85.71/8.57 0.134

ACEI or ARB  %
2/48

3.7/90.56
4/29

11.42/82.85
0.162

All data are presented as mean ± SD unless otherwise stated 							     

eGFR, estimated glomerular filtration rate; ESKD, end stage kidney disease; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; SD, 

standard deviation.

The Student’s t-test, Chi-square and Fisher’s exact test were used. *: p<0.05.
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proteinuria, follow-up creatinine level, albumin level during 

biopsy, hemoglobin level, and systolic and diastolic blood 

pressures (p>0.05). There was a positive correlation between 

increasing serum GDF-15 levels and increasing age (p=0.032), 

serum creatinine level (p=0.012) and follow-up proteinuria 

(p=0.004). However, there was a negative correlation between 

increasing serum GDF-15 levels and eGFR (p=0.019) (Table 2).

Association Between GDF-15 Levels and 
Progression of Renal Disease

The patients in Group 2 were older (p=0.009), had higher serum 
creatinine levels (p<0.0001), higher follow-up proteinuria 
(p=0.006), and lower eGFR (p=0.002) than the patients in 
Group 1 (Table 3).

Logistic regression analysis of the GDF-15 level and age 
revealed a significant positive relation (p=0.024; OR, 1.040; 95% 
CI, 1.005–1.076). The Pearson correlation test demonstrated 
a low correlation between GDF-15 levels and age (r=0.247, 
p=0.020).

Association Between GDF-15 Level and 
Prognosis

The GDF-15 level was statistically significantly low in patients 
in remission (p=0.002). However, it was higher in patients with 
an eGFR of <90 mL/min (p=0.003). There was no significant 
correlation between the GDF-15 level and development of 
ESKD (p=0.392) and treatment (ACEI/ARB, p=0.36) (Table 4). 
Approximately 62.5% (n = 55) of the patients were administered 
immunosuppressive therapy.

DISCUSSION

MN is the most common primary glomerular disease 
worldwide. Although spontaneous remission may occur, ESKD 
may develop in 30–40% of patients with MN within 5–15 years 
(2). Although MN is typically a disease of adults, rarely, it can 
be seen in children. The incidence is two fold more in adult 
men than in women. The progression of MN is faster in male 
and older adults than in women and younger adult patients 
(9). In our study, there was no significant difference in gender 
in the included patients. Furthermore, we did not detect a 

Table 4: Relationship of GDF-15 level with poor prognosis.

 
   

GDF-15 levels 
(Min–Max)

Median p-value

eGFR
  90* ≤ n = 43 1287.58–26760.73 7285.76

0.003*
  90* ˃ n = 45 744.36–19332.63 4500.22

Remission
(+) n = 55 936.74–26760.73 4357.37

0.002*
(−) n = 28 2300.22–25998.88 7369.09

ESKD
(−) n = 80 936.74–26760.73 5631.10

0.392
(+) n = 8 744.36–10118.92 7785.73

ACEI or ARB
(−) n = 6 1096.21–12118.79 7266.01

0.360
(+) n = 77 936.74–26760.73 6313.29

GDF, growth differentiation factor; eGFR, estimated glomerular filtration rate; ESKD, end stage kidney disease; ACEI, angiotensin-converting enzyme inhibitor; ARB, 

angiotensin II receptor blocker

Mann–Whitney U Test was used to perform statistical analysis. *: p<0.05.

Figure 1. The ROC for GDF-15 level in patients with MN. The 
AUC value: 0.684; 95CI: 0.529-0.838; p-value: 0.003
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relationship between disease progression and sex or age. This 
may be attributed to the difference in disease progression 
among patients and the limited number of patients with 
advanced disease stage.

Under normal circumstances, GDF-15 is expressed in low 
concentrations in most organs. However, GDF-15 is expressed 
in high concentrations following injury to organs such as the 
heart, liver, and kidney. Recently, GDF-15 expression has been 
found to be increased in damaged organ tissues such as the 
heart and kidney in addition to other inflammatory markers (3, 
10, 11). In a study which included patients with type 1 diabetes 
mellitus, there was no significant difference in the plasma 
concentrations of GDF-15 between the male and female 
patients (12). However, GDF-15 is positively correlated with 
age (5, 13-15). Tuegel et al. demonstrated that female gender, 
advanced age, and smoking were associated with elevated 
GDF-15 levels as independent factors (16). In this study, the 
GDF-15 level was positively correlated with age, which is 
consistent with the findings in literature. However, there was 
no significant difference between the serum GDF-15 level and 
the gender of the patients.

Ham et al. demonstrated that serum hemoglobin and eGFR 
values were low, and age and serum creatinine values were high in 
patients with a serum GDF-15 level of >2.15 ng/mL. Furthermore, 
they demonstrated that GDF-15 levels are negatively correlated 
with kidney function and positively correlated with disease 
progression in patients with IMN (3). Other studies have also 
demonstrated elevated GDF-15 levels in patients with chronic 
kidney injury and/or disease progression to ESKD (5, 6, 17). Wu 
et al. demonstrated that GDF-15 levels are significantly higher 
in patients with IMN than in healthy individuals and that the 
GDF-15 level is associated with kidney functions. Although GDF-
15 level alone is not a prognostic biomarker, its concentrations 
may be utilized as a biomarker of the degree of renal failure in 
patients with IMN patients (4).

In our study, ESKD developed in eight of the 88 patients. 
Furthermore, we found that the serum GDF-15 value was >6500 
pg/mL in 75% of the patients who developed ESKD. However, 
this difference was not statistically significant, and this may be 
attributed to the low number of patients with ESKD included 
in the study. Follow-up creatinine levels and proteinuria were 
high in patients with GDF-15 levels >6500 pg/mL than in 
patients with GDF-15 levels <6500 pg/mL. This indicated that 
there is a relationship between GDF-15 concentration and 
disease progression. Determining serum levels of GDF-15 is 
useful for risk stratification, especially in patients with normal 
creatinine levels (12, 18). Studies have indicated that plasma 
GDF-15 levels is positively correlated with serum creatinine 
level as well as proteinuria (9, 19). Similarly, in our study, we 
found a positive correlation between GDF-15 levels and follow-
up levels of proteinuria and serum creatinine and an inverse 
correlation between GDF-15 level and eGFR. Further, there was 
a significant relationship between serum GDF-15 concentration 
at the time of diagnosis and remission; patients with low GDF-

15 concentrations had higher chances of remission.

The GDF-15 levels are reportedly significantly higher in patients 
with anemia (World Health Organization definition, male 
hemoglobin level <13 mg/dL and female hemoglobin level 
<12 mg/dL) than in patients without anemic (18-20). In our 
study, hemoglobin levels were low and GDF-15 concentrations 
were high in patients with an eGFR >90, which is consistent 
with the findings in literature.

In conclusion, herein, we aimed to determine whether GDF-15 
level can be used as a biomarker to diagnose MN in patients 
without the need for biopsy. Our study findings revealed a 
positive correlation between GDF-15 level and follow-up 
proteinuria and a negative correlation between GDF-15 and 
eGFR and remission. These findings indicate that GDF-15 
concentration can be used as an indicator of the course of the 
disease rather than as a diagnostic biomarker.
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ABSTRACT

Objective: Triple-negative breast cancer (TNBC) has the highest rate of metastases and relapses as well as the worst overall survival of 
all breast cancers. Here, we aimed to investigate the effects of ellagic acid and cryptotanshinone, which are known to have antioxidant, 
antimutagenic, anticancer, and apoptotic effects, on cell viability/cytotoxicity, metastasis, and oxidative stress in MDA-MB-231 cells.

Materials and Methods: The effects of various concentrations of ellagic acid and cryptotanshinone on cell viability or cytotoxicity in TNBC 
cells were determined by WST-1. A scratch assay was performed to determine the effects of ellagic acid and cryptotanshinone on cell 
migration and metastasis, and a DCF-DA test was performed to determine the reactive oxygen species (ROS) levels.

Results: MDA-MB-231 cells exposed to cryptotanshinone exhibited reduced cell proliferation by approximately 50%, particularly at 20 µg/
mL after 48 h. The cell viability decreased by 75% at 20 µg/mL after 72 h of cryptotanshinone exposure. After 48 h of exposure to ellagic 
acid at 40 µg/mL, the scratch in the MDA-MB-231 cells closed. In addition, treatment with cryptotanshinone at 25 µg/mL covered the 
scratch after 72 h. Ellagic acid (40 µg/mL) induced oxidative stress at 24 h, and cryptotanshinone (25 µg/mL) at 48 and 72 h. Furthermore, 
the fluorescence intensity of MDA-MB-231 cells was increased by exposure to ellagic acid (40 µg/mL) and cryptotanshinone (25 µg/mL) 
after 24 h compared to the negative control.

Conclusion: Ellagic acid and cryptotanshinone may inhibit cell proliferation, suppress cell migration, and induce the accumulation of 
intracellular ROS in MDA-MB-231 cells.
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INTRODUCTION

Breast cancer (BC) tumors can become resistant to 
treatment, and with the formation of resistance, the 
BC tumors are not limited to the primary area and can 
metastasize to other regions (1). Triple-negative breast 
cancer (TNBC) is a type of BC with high rates of metastasis 
and recurrence and has the worst overall survival rates 
of all BC subtypes. Estrogen, progesterone, and human 
epidermal growth factor receptor 2 (HER-2) receptors 
are absent in TNBC (2). Considering that TNBC does not 
respond to chemotherapy and radiotherapy, its high 

incidence and mortality rates, and the limitations in 
treatment effectiveness, have resulted in the need to find 
alternative treatments for TNBC (3).

In recent years, natural plant phenolic and flavonoid 
compounds have attracted attention because of their 
anticarcinogenic, antioxidant, and antiinflammatory 
activities and their potential to be used as an adjunct to 
cancer treatment (3). Furthermore, phytochemicals have 
been among the alternative cancer treatments in recent 
years because of their anticarcinogenic, antiinflammatory, 
and antitumor effects. Phytochemicals play an active 
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role in many steps of cancer suppression. They protect DNA 
from oxidative damage, activate carcinogen metabolism and 
detoxification, prevent cell proliferation, and induce cellular 
cytotoxicity (4).

Ellagic acid is a phytochemical polyphenol compound with 
antioxidant properties that is found in fresh berries, such as 
raspberries, strawberries, and pomegranates, and shelled fruits, 
such as walnuts, chestnuts, and hazelnuts (5). Ellagic acid has 
antioxidant, antimutagenic, anticancer, and apoptotic effects. 
Ellagic acid can clear cancer-causing chemicals from the serum; 
thereby, it prevents carcinogens from binding to DNA, acts as 
an antioxidant, limits carbon tetrachloride toxicity and lung 
fibrosis, stimulates the immune system, and induces the death 
of cancer cells (6). It has previously been shown to suppress the 
development of some tumors caused by carcinogens in cell 
culture and animal experiments (7).

In addition, ellagic acid plays a protective role against 
cancer because of its antiproliferative, antiangiogenic, 
and antimetastatic effects and by inhibiting the cell cycle, 
regulating several intracellular signaling pathways, and 
inducing apoptosis (8, 9). Ellagic acid has exhibited antitumor 
activity in BC cell lines by affecting signaling pathways such as 
PI3K/Akt, NFκ-B, CDK6, TGF-/Smad3, and Akt/mTOR. Moreover, 
ellagic acid blocks vascular endothelial growth factor (VEGF), a 
protein involved in angiogenesis (10).

Cryptotanshinone is a lipophilic compound that is extracted 
from the roots of the plant species Salvia miltiorrhiza Bunge 
(Danshen), which is used in China for the treatment of 
cardiovascular diseases, hepatitis, diabetes, and chronic 
liver failure (11). This compound has the potential to prevent 
ischemia and atherosclerosis and also has antiinflammatory, 
anticancer, antioxidative, and antiaggregant effects (12). 
Cryptotanshinone plays a role in the treatment of angiogenesis-
related diseases by inhibiting the proliferation of endothelial 
cells (13). In addition to its antipermeability and antiangiogenic 
effects, cryptotanshinone has antiinflammatory properties, 
as demonstrated by its interaction with other cytokines and 
chemokines (14). Cryptotanshinone has been shown to induce 
apoptosis (15) and function as an antimetastatic agent (16) in 
some cancer cell culture studies. Cryptotanshinone suppresses 
estrogen receptor (ER)-α-mediated transcriptional activity, 
glycolysis, cell proliferation, migration, and invasion in BC 
cell lines. In addition, cryptotanshinone treatment causes cell 
cycle arrest, induces apoptosis, and increases sensitivity to 
chemotherapeutic drugs in BC cell lines (17). Cryptotanshinone 
exerts these effects by downregulating the PKM2/β-catenin 
and ERα-dependent IGF-1/Akt/mTOR signaling pathways, 
reducing CCNA2 and CDK1 expression, downregulating the 
GPER-mediated PI3K/Akt signaling pathway, or inducing the 
mitochondria-derived ROS/FOXO1 pathway.

The efficacy of ellagic acid is demonstrated by arresting the 
cell cycle of BC cells in the G0/G1 phase, stimulating apoptosis 
through TGF-β/Smad3 signaling, inhibiting the CDK6 or PI3K/

Akt pathway, and suppressing angiogenesis-related activities, 
including proliferation (10). Similarly, cryptotanshinone 
arrests the cell cycle of BC cells in the G2/M phase, reduces 
the expression of cyclin D, or suppresses the PI3K/Akt 
signaling pathway (18). Ellagic acid and cryptotanshinone 
have been reported to induce apoptosis via similar pathways 
in BC cells. However, the effects of these two antioxidants on 
oxidative stress-mediated cell death in TNBC have not been 
comprehensively examined. Here, the effects of ellagic acid 
and cryptotanshinone were investigated on cell viability/
cytotoxicity, metastasis, and oxidative stress levels in TNBC 
(MDA-MB-231) cells, which are BC cells that are resistant to 
chemotherapy and radiotherapy.

MATERIALS AND METHODS

Cell Culture

In this study, the MDA-MB-231 (ER/PR-Her2/neu-) BC cell 
line (ATCC, Rockville, MD, USA) was used to determine the 
effectiveness of ellagic acid and cryptotanshinone. MDA-
MB-231 cells were grown in a medium containing Dulbecco’s 
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM-F12), 
10% fetal bovine serum (FBS) (v/v), and 1% penicillin/
streptomycin (v/v) at 37°C under 5% CO2 conditions. The 
experiments began when MDA-MB-231 cells reached 
confluency.

Determination of the Effectiveness of Ellagic 
Acid and Cryptotanshinone on Cell Viability

A WST-1 assay was used to determine the effect of ellagic acid 
and cryptotanshinone on cell proliferation in MDA-MB-231 
cell lines. For the WST-1 assay, MDA-MB-231 cells were seeded 
into 96-well plates at a density of 1 × 104 cells/well in 100 
µL. The MDA-MB-231 cells were then incubated for 24 h to 
observe cell proliferation and differentiation. The ellagic acid 
and cryptotanshinone compounds were dissolved in dimethyl 
sulfoxide (DMSO) to prepare intermediate dilutions of 0.1 
mg ellagic acid and 0.05 mg cryptotanshinone. The cytotoxic 
effect of the agents on the cells was determined by applying 
them to the cells over a range of doses. The most effective 
doses were determined, and the cells were exposed to these 
final concentrations. Following the concentration that induced 
the appropriate conditions in the cells were observed under 
the microscope and were 5, 10, 15, 20, 25, 40, 50, 75, 90, and 
100 µg/mL of ellagic acid, and 2.5, 5, 7.5, 10, 20, 25, 37.5, 45, 
and 50 µg/mL of cryptotanshinone, which were then applied 
to MDA-MB-231 cells at the various doses. The proliferation 
of MDA-MB-231 cells was analyzed using a Cell Proliferation 
Reagent WST-1 kit (Roche, USA). The WST-1 compound (10 
µL) was added to each well, and after 3 h of incubation at 
37°C, measurements at a wavelength of 450 nm (reference 
wavelength 620 nm) were taken at 24, 48, and 72 h using a 
multiscan spectrophotometer device (MultiSkan Go, Thermo 
Scientific, USA). The absorbance of control cells that were not 
exposed to ellagic acid or cryptotanshinone was determined 
to be 100%, and the percentages of the applied doses were 
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calculated by comparing them with the control. The experiment 
was performed in four replicates.

Determination of Cell Migration Rates Using the 
in Vitro Scratch Test Assay

To measure the migration speed, the medium was adjusted 
to contain 3% FBS (v/v). MDA-MB-231 cells were seeded into 
6-well plates at a density of 5 × 105 cells/well and incubated for 
24 h. After the cells covered the plate in a single layer, a straight 
line was drawn in the middle of the plate using a 10 µL pipette 
tip. Thereafter, the medium was removed, and the plate was 
rinsed with 1–2 mL of fresh medium to remove any residue. 
The selected doses of ellagic acid and cryptotanshinone were 
applied before the medium was added to the cells, and then 
5 mL of the scratch assay medium (containing 3% FBS) was 
added to the cells. Images were obtained by scanning under a 
fluorescence microscope with a 10× magnification objective at 
0, 24, and 48 h, and the rate of scratch closure was calculated 
using Image J software. The scratch closure rate was compared 
quantitatively to the control and expressed as a percentage 
(19).

Detection of the ROS Levels in Cells

2ʹ,7ʹ-Dichlorofluorescin diacetate (DCF-DA) (Merck, Germany) is 
a widely used ROS indicator that is used to detect intracellular 
peroxides. DCF-DA enters the cell via passive diffusion and 
undergoes oxidation in the presence of intracellular ROS to form 
DCF, which is a strong fluorescent substance and can be easily 
detected under a fluorescence microscope. To determine the 
intracellular ROS levels, the ellagic acid and cryptotanshinone 
doses were applied to the MDA-MB-231 and control cells in 
12-well plates containing round coverslips and washed once 
with phosphate-buffered saline (PBS). Then 0.5 mL of DCF-DA 
solution was prepared in serum-free medium and added to the 
cells, with a final concentration of 10 μM. This was kept in the 
dark at 37°C for 30 min. After quickly and gently washing three 
times with PBS, it was fixed with paraformaldehyde and viewed 
under a fluorescent microscope (Carl-Zeiss, Axio Observer, 
Germany). For the positive control, cells were exposed to the 
same conditions as the tested cells but were incubated with 
250 μM of H2O2 (20).

Statistical Analyses

A two-way analysis of variance test with the Tukey post-hoc 
test was used for the comparison of cell viability in the MDA-
MB-231 cell lines with the control. The statistical analysis of 
all experiments was performed using the GraphPad Prism 6 
program. At least three independent replicates were performed 
for all experiments. A value of p<0.05 was considered 
statistically significant.

RESULT

Ellagic Acid  and Cryptotanshinone may Inhibit 
Cell Proliferation in MDA-MB-231 Cells

The cytotoxic effect of ellagic acid at doses of 5, 10, 15, 20, 
25, 40, 50, 75, 90, and 100 µg/mL for 24, 48, and 72 h was 
investigated in the MDA-MB-231 cell line (Figure 1a). After 
the MDA-MB-231 cells were exposed for 24 h to ellagic acid, 
cell proliferation was observed to increase compared to 
the control at concentrations of 5, 10, 15, 20, and 25 µg/mL 
(p<0.05). However, under the same conditions, a decrease in 
cell proliferation was observed at the doses ≥40 µg/mL, but 
with no statistical significancy (p>0.05). There was no observed 
effect on cell viability or cytotoxicity in the MDA-MB-231 cell 
line after 48 and 72 h of exposure to ellagic acid (p>0.05). This 
may be because ellagic acid is sensitive to light and has a short 
half-life.

The cytotoxic effect of cryptotanshinone at concentrations 
of 2.5, 5, 7.5, 10, 20, 25, 37.5, 45, and 50 µg/mL for 24, 48, 
and 72 h was investigated on the MDA-MB-231 cell line 
(Figure 1b). It was revealed that exposure of MDA-MB-231 
cells to cryptotanshinone for 24 h did not affect cell viability 
at all doses. However, exposure of MDA-MB-231 cells to 
cryptotanshinone at doses of 20, 25, 37.5, and 45 µg/mL for 
48 h reduced cell viability by approximately 50% (p<0.05). 

Figure 1a. Effects of ellagic acid and b. Cryptotanshinone on 
cell proliferation in MDA-MB-231 cells.
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Moreover, cell viability was decreased by 75% after 72 h of 
exposure to cryptotanshinone at doses of 20, 25, 37.5, 45, and 
50 µg/mL (p<0.05). Low concentrations of cryptotanshinone 
had no cytotoxic effect on the MDA-MB-231 cells.

The half-maximal inhibitory concentration (IC50) values of 
ellagic acid and cryptotanshinone are shown in Table 1. 
According to the results of the WST-1 cell proliferation assay, 
ellagic acid at 40 µg/mL and cryptotanshinone at 25 µg/mL 
were selected as the most effective concentrations, and these 
concentrations were used to determine cell migration and 
detect ROS levels.

Ellagic Acid and Cryptotanshinone may Suppress 
the Migration of MDA-MB-231 Cells

In the scratch test assay, MDA-MB-231 cells were examined 
at 0, 24, and 48 h after being treated with ellagic acid and 
cryptotanshinone, and their images were recorded. The 
in vitro scratch test assay was performed on MDA-MB-231 
cells, and it was observed that the scratch healed within 24 
h. Exposure of the MDA-MB-231 cell line to ellagic acid at 
a concentration of 40 µg/mL, resulted in the scratch being 
covered after 48 h. Interestingly, after exposure to 25 µg/mL of 
cryptotanshinone, it was found that scratch was covered after 

Figure 2. Ellagic acid and cryptotanshinone may suppress the migration of MDA-MB-231 cells.
a. Images were obtained by scanning with a fluorescence microscope at a 10× magnification objective. b. The closure areas of the cells 
in the scratch test assay are given as a percentage compared to the control.

a

b
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72 h; therefore, according to these results, it can be inferred 
that cryptotanshinone is the most effective material in terms 
of inhibiting cell migration. The closure areas of the cells in the 
scratch test assay are given as percentages compared to the 
control (Figure 2).

Ellagic Acid and Cryptotanshinone may Induce 
the Generation of ROS in MDA-MB-231 Cells

ROS is a key regulator of many cellular activities, including 
cellular metabolism, the cell cycle, and programmed cell 
death. Fluorescent DCF-DA was used to determine the effect 
of ellagic acid and cryptotanshinone on the accumulation of 
intracellular ROS in the MDA-MB-231 cell line. After treatment 
with ellagic acid and cryptotanshinone for 24, 48, and 72 h, 
the cells were imaged using an inverted microscope with a 
fluorescent attachment. According to the DCF-DA cellular 
ROS assay experiment, minimum fluorescence was observed 
in the control group at 24 and 48 h. However, there was a 
statistically significant increase in fluorescence intensity in 
MDA-MB-231 cells after 24 h of treatment with ellagic acid 
(40 µg/mL) compared to the negative control (p<0.0001), but 
no statistically significant difference in fluorescence intensity 
was observed after 48 and 72 h of exposure to ellagic acid. 
After exposure to cryptotanshinone at a concentration of 25 
µg/mL, a higher fluorescence intensity was measured in the 
MDA-MB-231 cells compared to the control at 24 h, and this 
difference is statistically significant (p<0.0001). However, 
cryptotanshinone exposure for 48 and 72 h revealed no 
statistically significant difference. As a result, it was determined 
that ellagic acid and cryptotanshinone induced oxidative 
stress, and the 24 h fluorescence intensity was higher than that 
of the 48 and 72 h of exposure (Figure 3a, b).

DISCUSSION

TNBC is a subtype of BC in which the estrogen, progesterone, 
and HER-2 receptors are not involved. TNBC is associated with 
a higher grade and more aggressive biological characteristics, 
and it accounts for approximately 20% of all BC cases. These 
features make TNBC one of the most challenging diseases to 
treat in clinical practice (2, 3).

Ellagic acid, a small molecular polyphenol, is a powerful 
antioxidant that acts either directly as an antioxidant or by 
inducing antioxidant cellular enzyme systems (21). In addition, 
ellagic acid has anticarcinogenic properties, as it inhibits 
tumor cell proliferation, induces apoptosis, and disrupts 
angiogenesis (22). Ellagic acid suppressed BC cell growth, 

migration, and invasion and blocked tumor initiation and 
metastasis by increasing the activity of the PI3K signaling 
pathway inhibitor (23). In addition, ellagic acid inhibited 
the proliferation and migration of BC cells in vivo and in vitro 
(MDA-MB-231) and exhibited antiangiogenesis effects through 
the VEGFR-2 signaling pathway by inhibiting the expression 
of P-VEGFR2 (24). In MCF-7 cells, ellagic acid significantly 
enhanced radiation-induced cytotoxicity, inhibited cell growth 
by blocking the cell cycle, and enhanced apoptosis (25). Ellagic 
acid inhibited cell proliferation by inducing the TGF-β/Smad3 
pathway in MCF-7 cells (26), arrested the cell cycle in the G0/
G1 phase, inhibited proliferation, and induced apoptosis (27). 
Yousuf et al. reported that ellagic acid reduced the proliferation 
and colonization of MCF-7 and MDA-MB-231 cells and induced 
apoptosis through the inhibition of CDK6 (28). The results 
of this study are consistent with previous studies, and our 
results showed that ellagic acid inhibited cell proliferation, 
suppressed cell migration, and induced the accumulation of 
intracellular ROS in MDA-MB-231 cells. Ellagic acid may reduce 
cell proliferation by increasing the accumulation of intracellular 
ROS and inducing apoptosis.

Cryptotanshinone is a lipid-soluble diterpenoid derivative 
found in plants of the genus Salvia, of which S. miltiorrhiza Bunge, 
known as Danshen, is rich in diterpenes. Cryptotanshinone 
may inhibit the growth of tumor cells in various cancer types 
through its antitumor activity and enhanced antitumor 
immunity (29). Cryptotanshinone exhibits anticancer activity 
in different cancer cells because of its strong STAT3 inhibitor 
attribute. Cryptotanshinone showed immunomodulatory and 
antitumor effects by inhibiting the JAK2/STAT3 pathway and 
regulating the secretion of related cytokines in an experimental 
BC model (30). In addition, cryptotanshinone inhibited tumor 
growth in both the animal model of BC and the MCF-7 cell 
line (31). Cryptotanshinone has been shown to be chemically 
homogeneous with estrogen, and the combination of arsenic 
and cryptotanshinone induced endoplasmic reticulum stress 
and apoptosis in MCF-7 cells (32). In addition, ROS generated 
by cryptotanshinone induced apoptosis in the MCF-7 cell line 
by causing endoplasmic reticulum stress (33). The ability of 
cryptotanshinone to inhibit BC cells is dependent on ER-α (34). 
Cryptotanshinone effectively inhibited the gene expression 
of ER-α as well as transactivation and suppressed the growth 
of ZR-75-1 and MCF-7 cells (35). MCF-7 cells are more 
sensitive to cryptotanshinone than MDA-MB-231 cells, and 
cryptotanshinone inhibits the proliferation and metastasis of 
ER-positive cancer cells (36). There are a few studies that have 
investigated the effects of cryptotanshinone on MDA-MB-231 
cells. Cryptotanshinone reduced glycolysis-related proteins and 
PKM2/β-catenin signaling in MCF-7 and MDA-MB-231 cells. In 
addition, cryptotanshinone demonstrated anticancer activity 
in MCF-7 and MDA-MB-231 cells by inhibiting cell proliferation, 
migration, and invasion (37). Cryptotanshinone inhibits the 
proliferation of the SKBR-3 BC cells through G-protein-coupled 
ER-mediated PI3K/Akt pathway inhibition (38). In addition, Shi 
et al. showed that cryptotanshinone exerts its antiproliferative 

Table 1. Half-maximal inhibitory concentration (IC50) values 
of ellagic acid and cryptotanshinone

24 h 48 h 72 h

Cryptotanshinone (µg/mL) Unstable 41.98 25.90

Ellagic acid (µg/mL) 141.2 372.4 103.8
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Figure 3. Ellagic acid and cryptotanshinone may induce the generation of reactive oxygen species in MDA-MB-231 cells.
a. Fluorescence microscopic image of cells. b. Fluorescence intensity measurement which indicates the enhancement of ROS in cells 
treated ellagic acid and cryptotanshinone. Groups with the asterisk symbol (****) on the graph indicate that they are statistically 
different from the control group (p<0.0001).
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effect on MCF-7 cells by inhibiting the G-protein-coupled ER-
mediated PI3K/Akt pathway (18). In addition, tanshinone-I 
suppressed the proliferation and angiogenesis of MCF-7 and 
MDA-MB231 cells (39). In the results of this study, we found that 
cryptotanshinone inhibited cell proliferation and migration 
and increased the accumulation of intracellular ROS in MDA-
MB-231 cells. Cryptotanshinone may reduce cell proliferation 
through an increase in the accumulation of intracellular ROS 
and the induction of apoptosis. There are a few studies that 
have investigated the effects of cryptotanshinone on TNBC 
cells. In this regard, our study provides preliminary data for 
future studies.

Phytochemicals are potential candidates because of their 
diverse pharmacological activities. Mitochondria are the 
main source of intracellular ROS generation, and intracellular 
ROS levels play an important role in cancer processes. It has 
been reported that high levels of intracellular ROS activate 
oxidative stress and apoptosis, which leads to cell death, 
and low levels of intracellular ROS activate angiogenesis, 
which initiates the spread and metastasis of tumor cells (40). 
In the results of this study, we found that ellagic acid and 
cryptotanshinone inhibited cell proliferation, suppressed cell 
migration, and induced the accumulation of intracellular ROS 
in MDA-MB-231 cells. These results demonstrate that ellagic 
acid and cryptotanshinone may be effective for the treatment 
of TNBC, and suggest that further in vitro studies of ellagic acid 
and cryptotanshinone should target molecular pathways to 
develop treatment options for TNBC.
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ABSTRACT

Objective: Functional connectivity serves as a widely employed metric in neuroscience research focusing on the dynamics of the brain. 
Additionally, non-neuronal physiological oscillations are acknowledged as being able to impact functional connectivity. This study aimed 
to explore the effects of non-neuronal hypercapnic stimulation on the activity of intrinsic connectivity networks (ICNs), as well as the 
dynamic changes in connectivity between them.

Materials and Methods: The study involved 10 healthy participants, encompassed their functional magnetic resonance imaging (fMRI) 
scans with carbon dioxide-enriched air stimuli in a block paradigm, with group independent component analysis (GICA) being used for 
defining ICNs. Similarity analysis has been conducted between the connectivity changes in the network components and the end-tidal 
partial pressure of carbon dioxide (PETCO2).

Results: The study has identified 40 components representing 10 ICNs. Of these, 11 components representing seven ICNs were found to 
have significantly correlated time courses with PETCO2. Among the networks without correlated components, the dynamic functional 
connectivity metrics of the language network and the subcortical network have been found to be significantly modulated by PETCO2.

Conclusion: The cerebrovascular reactivity to a hypercapnic stimulus is a factor that influences changes in the blood oxygenation level-
dependent fMRI signal. This non-neuronal effect is detectable for ICN components derived by the GICA technique and must be considered 
when making inferences about network connectivity metrics.
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INTRODUCTION

Functional connectivity, commonly characterized as the 
coordination of activity among different brain regions, 
represents the communication and transfer of information 
within the brain. In order to investigate connectivity, one 
study conducted an examination of the similarity in blood 
oxygen level dependent (BOLD) signals from different brain 
regions through the use of functional magnetic resonance 
imaging (fMRI) during both task activations and resting 
state (1). Studies on resting state functional connectivity 
offer insights into the spontaneous low-frequency 

BOLD oscillations within the brain (2, 3). This approach 
is particularly preferred as it requires minimal active 
participation from subjects, thus allowing the detection of 
connectivity networks.

Intrinsic connectivity networks (ICNs, also known as resting 
state networks) refer to a collection of brain regions that 
exhibit similarities in their BOLD time series acquired during 
resting state. Investigating the dynamics of the brain using 
functional connectivity allows researchers to identify ICNs 
and evaluate cognitive tasks, conditions, and diseases from 
a network perspective. Functional connectivity analysis 
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of fMRI data and the detection of connectivity networks can 
be conducted through two fundamental methods. The first 
involves the detection of brain voxels correlated with the 
average BOLD response of a predetermined brain region or seed 
region based on a hypothesis (4). The second method employs 
a data-driven, exploratory approach known as independent 
component analysis (ICA) (5). ICA has the ability to extract 
meaningful information from complex data without the need 
for a priori anatomical assumptions or subjective selection of 
seed areas. Another aspect of ICA is its capability to isolate 
sources of noise to some extent. In functional neuroimaging, 
the presence of noise such as physiological artifacts or scanner-
related distortions can significantly impact the quality and 
interpretability of the data. By decomposing mixed signals into 
independent components, ICA can help identify and separate 
out noise sources (6), thereby enhancing the signal-to-noise 
ratio and improving the overall robustness of the analysis.

While ICA can aid in isolating sources of noise, importance is 
had in recognizing that BOLD signal changes may indeed arise 
from non-neuronal sources. However, BOLD fMRI alterations 
may result from neuronal activation via neurovascular 
coupling, or they can originate from various other physiological 
processes influencing cerebral blood flow (CBF), oxygenation, 
or volume. In this sense, BOLD fMRI can be utilized not only 
for studying neuronal activity but also for assessing vascular 
health (7). This process is linked to cerebrovascular reactivity 
(CVR), which refers to the ability of blood vessels in the brain 
to dilate or constrict in response to a hypercapnic stimulus. 
Hypercapnic stimulation can be achieved by breathing carbon 
dioxide-enriched air or breath-holding, which in turn triggers 
an increase in CBF and results in an increase in the BOLD signal. 
Thus, CVR can be assessed by analyzing the variations of the 
BOLD signal during breathing paradigms (8). Importantly, given 
that both CVR and functional connectivity rely on the analysis 
of BOLD echo planar imaging (EPI), estimating connectivity 
parameters becomes plausible using CVR data.

This study aimed to explore how the BOLD response, which 
varies in response to a hypercapnic stimulus, impacts ICNs. This 
exploration is important for understanding the extent to which 
these networks, traditionally seen as neuronal, are influenced 
by physiological signals.

MATERIALS AND METHODS

MRI Dataset and Physiological Recordings

This study used the MRI data shared by Blockley et al. at the 
Oxford University Research Archive (9). The published research 
article that utilized this data focused on the feasibility of 
reliably calculating CVR maps within clinically acceptable 
scan durations. It explored the use of CO2-enriched air with a 
sinusoidally modulated stimulus paradigm as an alternative to 
the Toronto block paradigm, in which the hypercapnic stimuli 
are administered in block form (9). Despite the sinusoidal 
breathing paradigm being considered a promising alternative, 
this study has chosen to use only the MRI data acquired during 

the Toronto breathing paradigm. Additionally, it utilized the 
partial pressure of end-tidal CO2 (PETCO2) data obtained during 
the MRI scans.

The MRI dataset comprises functional and structural images 
from 10 healthy participants (5 females; age range 19–21) 
and were acquired using a 3T scanner. The fMRI scans were 
consisted of 210 EPI volumes lasting 7 minutes, with time of 
repetition (TR) equal to 2000 ms and time of echo (TE) equal to 
30 ms, covering the whole brain at a voxel size of 3.4 x 3.4 x 5 
mm3. Additionally, T1-weighted structural scans were obtained 
with 1.5 mm isotropic voxels. For the hypercapnic stimulation 
during functional imaging, a gas mixture (CO2-enriched air) 
was breathed by the participants and administered using 
a gas blender (RespirAct™ Gen 3, Thornhill Research Inc., 
Toronto, Canada). The Toronto protocol had two hypercapnia 
blocks with an increase of 10 mmHg from the subject’s specific 
baseline level of PETCO2 and lasted 45 s and 120 s. The protocol 
has three baseline level periods: 1) lasting 60 seconds at the 
beginning, 2) lasting 90 seconds between two blocks, and 3) 
lasting 105 seconds at the end (10). Further details about the 
scanning parameters and experimental setup were described 
in the reference paper (9).

Data Analysis

Preprocessing

All preprocessing steps were performed using the program 
FMRIB’s Software Library (FSL v6.0; www.fmrib.ox.ac.uk/
fsl). Field maps and functional images were used during 
the preprocessing stages to cover motion and distortion 
correction and slice timing correction (11, 12). Structural and 
functional images were co-registered using a boundary-based 
registration method (13) and normalized to the Montreal 
Neurological Institute (MNI) space. Segmentation procedures 
were employed to derive grey matter masks for individual 
subjects. These masks were then utilized to compute the 
subject-specific global signal (GS) representing the average 
brain signal encompassed within this defined mask. Spatial 
smoothing with a 5 mm full width at half maximum (FWHM) 
kernel was applied as the final stage of preprocessing (14). 

Group Independent Component Analysis

Preprocessed functional data were decomposed into 
functional networks using the Group ICA of fMRI Toolbox 
(GIFT; http://mialab.mrn.org/software/gift/), and 100 common 
spatially independent components (ICs) were detected (15). 
Variance normalization was applied prior to the GICA analysis. 
In the first stage of dimension reduction, 200 subject-specific 
principal components were obtained. Subsequently, a second-
dimension reduction was implemented on the aggregated 
group data that was composed of sequentially added principal 
components from all participants, resulting in 100 principal 
components. The Infomax algorithm was utilized to maximize 
the spatial independence of the data (15). To increase the 
reliability of the ICA algorithm, the procedure was repeated 20 
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times with the ICASSO method, in which the most central run 
was chosen as the resulting IC. A group information-guided ICA 
(GIG-ICA) approach within the GIFT was used to derive subject-
specific ICs that match the obtained group components while 
preserving their spatial independence (16).

The commonly used method in the component labeling 
process is the visual inspection of three complementary pieces 
of information from the components: the spatial map, time 
series, and spectral power (17). As a result of the evaluation, 
40 of the 100 components were defined as the network 
components of the ICNs. The cortical network atlas of the 
program Functional Connectivity Toolbox (CONN v20b) (18) 
and the network parcellation atlas of Yeo et al. (19) were used 
to label the network components. Additionally, the subcortical 
network was labeled, as it had not been defined in either atlas.

The Similarity of Time Courses Between the 
Network Components and PETCO2

To investigate the level of temporal similarity, the study 
employs a comprehensive analysis pipeline as illustrated 
in Figure 1. The focus centers on assessing the correlation 
between the time course of the PETCO2 and the defined 
network components. To ensure accurate temporal alignment 
before the correlation analysis, the study employs GS as the 
reference signal. Calculating the GS involves transforming the 
gray matter probabilistic map produced in the segmentation 
stage into a mask consisting of voxels above a threshold value 
of 0.5 and then extracting the average BOLD time series of the 
gray matter mask.

The reference GS was initially utilized to correct the temporal 
delay of the PETCO2 time course for each subject by employing 
cross-correlation, thereby ensuring synchronization (time-
locked) with the GS. The open-source Rapidtide v2.2.7 software 
package (20) was used for the cross-correlation calculation. 
Further refinement was performed by adjusting the temporal 
position of the PETCO2 time course using component delay 
times relative to the GS. However, the conventional cross-
correlation method, which identifies time delays based on 
maximum correlation, was deemed unsuitable due to potential 
uncorrelatedness between the ICA-derived component 
time courses and the PETCO2 time course. Consequently, 
component delay times were determined using the average 
time courses within the component maps. A threshold (t > 
2.0) was applied to the spatial map of the relevant component, 
and the gray matter mask was multiplied while creating the 
component ROIs. The average signal within the component 
ROI was calculated, and the time delay of this signal as detected 
through cross-correlation with GS was considered to be equal 
to the time delay of the corresponding component time course. 
Delay times for the 40 components were used separately to 
correct the time lag between the component time courses and 
PETCO2 time course, and then the correlation coefficients were 
calculated (Figure 1).

Statistical Analyses for Time Series Correlation

Random PETCO2 signals were selected from each participant’s 
own post-calibration period for use in the non-parametric 
statistical analysis in order to make a noise estimate. This 
process was repeated for each participant, with the PETCO2 
signal taken from 10 random time periods obtained by shifting 
10 s. A total of 100 random correlation values (10 for each 
participant) were found in the resulting random correlation 
pool. Fisher’s z-transformation was applied to the correlation 
values before making the statistical inference. Statistical 
analysis was performed using SPSS (IBM SPSS Statistics, v22; 
https://www.ibm.com/tr-tr/products/spss-statistics) to test 
whether the coupled correlation value differed from this 
random correlation pool with an independent samples t-test, 
with a multiple-comparison correction (Bonferroni correction) 
being applied to the results.

PETCO2-Modulated Dynamic Functional 
Network Connectivity Analysis

The study assesses the PETCO2 signal’s modulation of the 
dynamic functional connectivity change between ICN 
component pairs. This involves computing sliding-window 
correlation coefficients between the time-courses of ICN 
components, referred to as dynamic functional network 
connectivities (dFNCs) and subsequently assessing PETCO2’s 
modulatory effect on the resulting dFNCs through regression 
analysis. The GIFT toolbox (21) was utilized for the sliding-
window analysis, and additional modifications were made to 
the dFNC codes to enable regression analysis.

Detrending, despiking, and low-pass filtering (<0.15 Hz) 
were applied to the time series of the ICN components. 
The correlation value was used as the connectivity metric 
in consecutive time windows. The size of the selected time 
windows was chosen as 30 TR (60 s), and the shifting amount 
for consecutive time windows was chosen as 1 TR (2 s). The 
selection of the time window width was carefully balanced 
to avoid being excessively wide, which could lead to a loss of 
dynamism; this also prevents it from being too short, which 
would increase sensitivity to noise (22). In addition, each 
window was convolved with a Gaussian kernel with a 3 TR FWHM 
to eliminate possible discontinuities due to sudden drops 
at the beginning and end of the time windows. Connectivity 
calculations were made for a total of 180 windows, resulting in 
dFNCs comprising 180 values. The PETCO2 signal for which the 
regression analysis will be performed was averaged within the 
same time window and subsequently reduced to 180 values.

Statistical Analysis for Regression

The randomize command in FSL was employed for the 
statistical inference of the regression coefficients using non-
parametric permutation (500 permutations) (23). Multiple-
comparison (family-wise error) correction was applied for each 
ICN component pair, with the significance threshold set at 
pFWE < 0.05.

https://www.ibm.com/tr-tr/products/spss-statistics
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RESULTS

Group Independent Component Analysis 
Results

Following the GICA analysis, a total of 100 independent 
components were acquired. Upon evaluation, 40 of these 100 
components were identified as network components within 

the ICNs (Figure 2).

The default mode network includes six different ICs covering 
the posterior cingulate cortex, medial prefrontal cortex, and 
left lateral parietal regions. The frontoparietal network contains 
five ICs that comprise the left lateral prefrontal cortex and 
left and right posterior parietal cortices. The dorsal attention 
network consists of the left inferior parietal sulcus and right 

Figure 1. Correlation analysis pipeline with time delay correction for each component time course.

Figure 2. Grouped spatial maps of the ICN components determined to be included in a connectivity network as a result of the GICA 
analysis. 
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inferior parietal sulcus. The visual network is represented 
by five ICs that correspond to the right lateral, medial, and 
occipital ICs. The sensorimotor network consists of five ICs that 
cover the superior, left, and right lateral sensorimotor regions. 
The cerebellar network encompasses the anterior cerebellar 
ICs. The salience network comprises the left insula and the right 
prefrontal cortex region. The language network is represented 
by the left and right posterior superior temporal gyri and the 
right inferior parietal gyrus. Additionally, the limbic network 
includes five ICs, and the subcortical network consists of one IC.

Correlation Analysis Results Between ICN 
Components and PETCO2 Signal Change

The subject-wise average temporal shifts applied to the time 
series of the network components prior to the correlation 
analysis were in the range of -1.30 to +1.36 seconds with 
respect to the GS. Significant ICN components exceeding 
the Bonferroni-corrected significance threshold (p<0.05/40) 
as a result of the two-sample t-test are shown in Table 1. 
According to the two-sample t-test, the ICN components that 
show a significant correlation with the PETCO2 signal include: 
the superior component of the sensorimotor network; the 
medial component of the visual network; the left and right 
intraparietal sulcus components of the dorsal attention 
network; the posterior parietal cortex component of the 
frontoparietal network; the medial prefrontal cortex and 
posterior parietal cortex components of the default mode 
network; the limbic network; and the anterior component of 
the cerebellar network.

Regression Analysis Results Between dFNC and 
the PETCO2 Change

The matrix of t-values (Figure 3) resulting from the regression 
analysis revealed relationships between the dFNC values and 
PETCO2 time course. Notably, significant cells were observed 
within the three components of the visual network (visual, 
lateral (R), visual, occipital, visual, medial), despite the absence 
of significant correlations between their time courses and the 
PETCO2 signal. Additionally, other significant findings include 
dynamic connectivity between the sensorimotor, lateral (R) 
component and the subcortical network, as well as between the 
sensorimotor, lateral (R) component and language, posterior 
part of the superior temporal gyrus (pSTG)(L) component. 
These results highlight specific interactions influenced by the 
PETCO2 signal within the examined ICNs.

DISCUSSION

This study has used fMRI data, which captures cognitive 
brain activity, while measuring cerebrovascular reactivity 
through hypercapnic stimulation. During fMRI, hypercapnic 
stimulation increases the blood flow rate due to vasodilation, 
thus increasing the measured functional response. GICA was 
performed to detect intrinsic connectivity networks in this 
dataset. Thus, the study has investigated how non-neuronal 
hypercapnic stimulation affects ICNs that have been obtained 
using fMRI data. The components obtained as a result of the 
GICA were examined, and the components representing ICNs 
were successfully identified. In this respect, the ICNs defined 
in the literature have been shown to be detectable under 
conditions definable as the stress testing of brain vessels. Recent 
studies are found in the literature that support this finding. Hou 
et al. (24) measured resting state and CVR in two separate fMRI 
scans and reported static functional connectivity metrics to be 
calculable despite the presence of hypercapnic stimulation. 
However, dynamic connectivity analyses were not performed 
on the time series of the network components obtained with 
GICA, and they did not investigate their correlation with the 
PETCO2 signal.

Lewis et al. (25) investigated static and dynamic connectivity 
in CVR data and interpreted the correlation between the 
detected ICNs and the PETCO2 signal in the study as the CVR 
of these networks. They reported the sensorimotor and visual 
networks to exhibit high CVR. These findings are consistent 
with the current study’s finding that the dynamic connectivity 
of the sensorimotor and visual networks is modulated by the 
PETCO2 signal.

In addition, the high correlation between ICN and PETCO2 time 
series has been suggested as being attributable to the spare 
capacity the cerebral circulation has for increasing CBF (i.e., the 
vascular reserve of the relevant network) (25). Meanwhile, Tong 
et al. (26) reported GICA to be able to produce networks that do 
not actually exist by applying synthetic time delays to the BOLD 
signal. They interpreted this as the ICA being highly sensitive 

Table 1. ICN components and their significance levels 
showing significant correlation with the PETCO2 signal 
change

Comp. 
Number

Corresponding ICN
mean 

r-value
p-value

44 Sensorimotor, Superior 0.42 0.001

9 Visual, Medial 0.38 <0.001

32 Dorsal Attention, IPS(L) 0.46 <0.001

46 Dorsal Attention, IPS(R) 0.35 <0.001

23 FrontoParietal, PPC (R) 0.36 <0.001

47 Frontoparietal 0.32 <0.001

25 Default Mode, MPFC 0.34 <0.001

45 Default 0.32 0.001

57 Default Mode, PCC 0.41 <0.001

37 Limbic 0.27 0.001

26 Cerebellar, Anterior 0.29 <0.001
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to time delays in the BOLD signal. When evaluated from this 
perspective, the correlation between the PETCO2 time series 
and ICN time series may be due to network-specific delays in 
the systemic signal. In this case, the observed correlation may 
be an indicator of the systemic oscillations reflected onto the 
network.

The current study’s findings show the network components to be 
similar to the PETCO2 time series, whereas network components 
that do not show a direct correlation may have significant 
modulation with PETCO2 in a dynamic connectivity analysis. 

The facts that hypercapnic stimulation affected the connectivity 
metrics in nine of the 10 networks and that this finding indicates 
a more widespread effect than shown in the literature can be 
interpreted in two ways. The first reason may be that, when 
determining ICNs, they are separated into many components, 
resulting in components with a high contamination. The second 
reason may be that, through this study’s unique approach, a 
second time delay correction made for each network component 
has allowed the effect to be revealed more precisely.

Figure 3. Matrix of t-values resulting from the regression analysis between the dFNC values and PETCO2 time course. Each cell 
represents the statistical significance of the relationship between the corresponding pair of dFNC values and PETCO2, providing 
insights into the modulatory effect of PETCO2 on dynamic functional connectivity within ICNs. The color bar represents t-values, 
with statistically significant pairs being shown in black. 
(MPFC = Medial Prefrontal Cortex; PCC = Posterior Cingulate Cortex; LP = Lateral Parietal; RPFC = Rostral Prefrontal Cortex; 
AInsula = Anterior Insula; IPS = Inferior Parietal Sulcus; LPFC = Lateral Prefrontal Cortex, IFG = Inferior Frontal Gyrus, pSTG = 
Posterior Superior Temporal Gyrus)
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Despite the use of non-parametric statistics, the study is limited 
by a small sample size. Because the dataset originated from 
a different study, a larger sample could not be obtained, nor 
could a power analysis be conducted. As a result, care should 
be used when generalizing the findings, as the small sample 
size may limit statistical power and increase the possibility of 
bias.

CONCLUSION

The CVR to a hypercapnic stimulus exerts a significant influence 
on the alterations observed in the BOLD fMRI signal. This non-
neuronal effect manifests notably in ICN components derived 
through the GICA technique. The intricate relationship between 
CVR and the BOLD fMRI signal underscores the importance of 
acknowledging non-neuronal factors in the study of neural 
networks. As scientists investigate the functional connectivity 
of the brain, especially by employing methodologies such as 
GICA, incorporating non-neuronal influences becomes critical 
for precise interpretations and robust network connectivity 
metrics.
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INTRODUCTION

The invention of the clustered regularly interspaced short 
palindromic repeat (CRISPR) and CRISPR-associated protein 
(CRISPR-Cas) technologies have been a revolutionary 
molecular instrument that allows for exquisite gene 
manipulation and radically transformed the field of 
molecular biology. Additionally, these technologies have 
provided prospective precisive therapeutic implications 
for various clinical demands, including non-infectious 
diseases such as cancer as well as infectious diseases such 
as COVID-19. Another intriguing research area involves 
how this technology has integrated with other forms of 
technological innovation, such as artificial intelligence 
(AI). Therefore, this letter seeks to address the application 
of CRISPR, more specifically CRISPR-Cas13a (a ribonucleic 
acid/RNA editing technology), and its combination with AI 
for cancer gene therapy.

The possible role of CRISPR in cancer gene 
therapy

Gene therapy is a significant medical advancement, 
particularly with regard to cancer treatment. Nevertheless, 
being able to effectively deliver an intended therapy to the 
targeted cell has proven difficult, despite the abundance 
of gene modification techniques available such as gene 
silencing, antisense treatment, ribonucleic acid interference 
(RNAi), and gene editing (1). 

With its ability to target RNA, CRISPR-Cas13a has excellent 
potential for cancer gene therapy. CRISPR-Cas13a disrupts 
gene expression in cancer cells while causing minor 
damage to healthy tissue by targeting the specific RNA 
sequences associated with the malignancy. CRISPR-Cas13a 
is a remarkable substitute for Cas9, which directly targets 
DNA. This process creates new opportunities for precise 
and controlled genetic expression. With its RNA-centric 
applications, CRISPR-Cas13a reduces off-target effects and 
improves specificity compared to RNAi systems, with a 
knockdown efficiency of over 90% (3). Meanwhile, the well-
known CRISPR-Cas9 may also be responsible for off-target 
DNA editing and irreversible genomic changes; therefore, 
CRISPR-Cas13a provides a safer way to modify genes (2).

According to one study, the novel Cas13a expression vector 
that uses the decoy minimal promoter-Cas13a-U6-guide 
RNA (DMP-Cas13a-U6-gRNA [DCUg]) was able to reduce 
the expression of endogenous oncogenes efficiently and 
specifically at both the mRNA and protein levels while also 
suppressing the expression of reporter genes in the human 
hepatoma cells; 293T and HepG2. This additionally resulted 
in a reduced growth and increased apoptosis of hepatoma 
cells with no impact on the normal hepatocytes (4).

CRISPR-Cas13a and AI for Cancer Gene 
Therapy 

Genome editing has been revolutionized by combining 
AI with CRISPR-Cas13a. AI is essential for maximizing the 
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precision and efficiency of genome editing due to its capacity 
for analyzing enormous datasets and spotting intricate 
patterns, primarily in cancer gene therapy. AI algorithms 
collaborate to discover the best sites for CRISPR-Cas13a by 
examining genomic data and locating specific RNA sequences 
linked to the targeted genetic abnormalities, thus enabling 
researchers to anticipate and evaluate the effects of CRISPR-
Cas13a treatments beforehand. Researchers can make well-
informed decisions regarding the specificity of genetic 
modifications as a result of these predictive capabilities.

Promising Results and Challenges

Researchers have shown disrupting cancer-related RNA 
sequences with CRISPR-Cas13a in conjunction with AI to 
effectively prevent the growth of tumors in preclinical models. 
Using this molecular scalpel, researchers are able to examine 
genetic abnormalities linked to cancer. Delivering the RNA to 
the intended cells, reducing off-target effects, and handling 
ethical issues in human trials are among the hurdles that 
still need to be overcome. Off-target effects are reduced by 
Cas13a’s accuracy and AI’s predictive power but are still a cause 
for concern. Furthermore, incorporating AI requires a large 
amount of data to function (such as the whole transcriptome), 
and this is also a challenge that must be resolved before being 
fully incorporated with CRISPR-Cas13a.

Conclusion

The promise of AI and CRISPR-Cas13a in cancer gene therapy 
is a harmony of development and hope. With the use of 
AI  and CRISPR-Cas13a’s molecular precision alongside AI’s 

computational power, cancer treatments may be administered 
with unprecedented precision and adaptability in the future.
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