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Abstract: The benzimidazole nucleus is a crucial pharmacophore in medicine, due to its 

significant biological activities. Recent studies have focused on the synthesis and biological 

activity of benzimidazole compounds. Therefore, in the present study, a series of N-

heterocyclic silver compounds containing benzimidazole nuclei were prepared, and in vitro 

cell culture experiments were performed to evaluate their effects. The compounds were 

cultured with lung (A549), colon (CaCo2), breast (MCF7), prostate (PC3) cancer cell lines, 

and healthy lung (WI38) cell line, and their anticancer effects were investigated through the 

MTT cell proliferation test, apoptosis determination, and oxidative stress tests on these cell 

lines. The results revealed that the presence of drug candidates was more practical than that 

of commercially used cisplatin.  

Özet: Benzimidazol çekirdeği önemli biyolojik aktiviteleri ile tıpta önemli bir 

farmakofordur. Son çalışmalar benzimidazol bileşiklerinin sentezi ve biyolojik aktivitesine 

odaklanmıştır. Bu nedenle, bu çalışmada benzimidazol çekirdekleri içeren bir dizi N-

heterosiklik gümüş bileşiği hazırlamıştır. Bileşiklerin etkilerini incelemek için in vitro hücre 

kültür deneyleri yapılmıştır. Bileşikler akciğer (A549), kolon (CaCo2), meme (MCF7), 

prostat (PC3) kanser hücre hatları ve sağlıklı akciğer (WI38) hücre hattı ile kültüre edilmiş 

ve bileşiklerin antikanser etkileri bu hücreler üzerinde MTT hücre çoğalma testi, apoptoz 

tayini ve oksidatif stres testleri yapılarak araştırılmıştır. Sonuçlar ilaç adaylarının varlığının 

ticari olarak kullanılan sisplatinden daha pratik olduğunu ortaya koymuştur.    

 

Introduction

Cancer is a growing global threat to human life, with 

increasing mortality rates due to numerous factors such as 

disease diversity and drug resistance (Block et al. 2015). 

Over 14 million cancer cases are reported worldwide 

annually, and this number is estimated to reach 19.3 million 

by 2025. Although cancer is a treatable disease, late 

diagnosis, risky surgical procedures, prolonged and severe 

side effects of chemotherapy, and resistance to 

chemotherapeutic drugs make treatment challenging 

(Chaicharoenaudomrung et al. 2019). The incidence and 

mortality rates of breast cancer are expected to show an 

increase pattern in recent future. Indeed, breast cancer 

accounted for 11.6% of all cancer cases worldwide in 2018. 

Colon cancer is the most common cancer affecting both 

sexes, with one in ten cancer patients diagnosed with 

metastatic colon cancer. Approximately 600,000 people die 

from metastatic colon cancer annually (Siegel et al. 2024). 

While the effectiveness of cancer drugs is debatable, 

toxic risks have been observed in drugs developed against 

cancer, and resistance to cancer drugs is increasing. This 

underscores the urgent need for the development of new 

methods for disease treatment. Despite significant 

advancements in treatment methods and improvements, 

cancer remains unbeaten, fueling the ongoing demand for 

more effective drugs in this sector. The present research, 

focusing on the synthesis and determination of 

antiproliferative effects of silver compounds containing 

benzimidazole ring, has the potential to contribute 

significantly to this fight. 

Benzimidazoles, with their 'Hem' structure, a key 

component of hemoglobin, and the presence of the 'heme 

ion' system, which is crucial for oxygen transport in the 

body, play a vital role in functions of some biological 

molecules, such as metalloproteins and B12 vitamins 

(Akkoç et al. 2019). Naturally occurring nucleotides 

containing adenine and guanine are isoesters of the 

benzimidazole ring, allowing interaction with 

biopolymers in organisms. Benzimidazole and its 

mailto:dilekbahar@erciyes.edu.tr
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derivatives are among the most synthesized and 

investigated heterocyclic compounds in reactivity (Gök et 

al. 2014, Akkoç et al. 2016a, Akkoç et al. 2017, Akkoç 

2019). The anticancer effects of benzimidazole 

derivatives may arise from their cytotoxic effects on 

cancer cells (Bansal & Silakari 2012, Tonelli et al. 2014, 

Akkoç et al. 2016b, Gök et al. 2019). 

Therefore, our study investigated the cytotoxic effects 

of a series of N-heterocyclic silver compounds containing 

benzimidazole nuclei on lung (A549), colon (CaCo2), 

breast (MCF7), and prostate (PC3) cancer cell lines and 

Wl38 healthy epithelial cell line. 

Materials and Methods 

Synthesis of silver metal compounds 

The process of synthesizing the silver metal 

compounds involved stirring the synthesized 

benzimidazolium salt (2 mmol), silver oxide (1 mmol), 

and molecular sieve (5-10 beads) in dried 

dichloromethane (15 mL) at room temperature for 18 

hours (Gök et al. 2014, Gök et al. 2019). The solution 

was then filtered through celite, and the resulting silver 

complexes were crystallized in a dichloromethane-

diethyl ether mixture. The cis-platin that used as positive 

control drug were purchased from Sigma 

(SigmaAldrich, USA). 

Evaluation of compounds' anticancer effect 

For this purpose, breast (MCF-7) lung (A-549), 

prostate (PC-3), and colon (CaCo2) cancer cell lines, and 

WI38 healthy lung epithelial cell line were cultured. The 

culture media included 10% Fetal bovine serum (FBS), 

1% L-glutamine, 1% penicillin-streptomycin, and EMEM 

(Eagle's Minimum Essential Medium) for MCF-7 cell 

line, F-12K for A-549 and PC-3 cell lines, and RPMI 1640 

for CaCo2 cell line. 

Cells were thawed from liquid nitrogen, seeded into 

75 cm2 flasks, and placed in a 37°C, 5% CO2 incubator. 

The culture medium was changed every 3-4 days. When 

the cell density in the culture dishes reached 90-95%, 

trypsinization was performed, and cells were 

subcultured to obtain a higher number. Excess cells were 

cryopreserved in a freezing medium containing 10% 

FBS, 80% culture medium, and 10% Dimethyl sulfoxide 

(DMSO), stored at -80°C, and then transferred to liquid 

nitrogen for further studies. Once an adequate number of 

cells were obtained, they were subjected to 

trypsinization again and seeded into 96-well culture 

plates at a density of 3x103 cells per well for the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay. After 24 hours of cell seeding, cells were 

cultured in triplicates with different concentrations of 

each silver metal compounds (200, 100, 50, 25, 12.5, and 

6.25 µM) and following a 48-hour incubation, MTT 

solution prepared in Phosphate-buffered saline (PBS) 

was added to each well at a final concentration of 0.5 

mg/mL, and the plates were further incubated for three 

hours. The medium containing formazan crystals formed 

within the cells was aspirated, and DMSO was added to 

dissolve the formazan crystals. The color developed 

after dissolving the formazan crystals in DMSO was 

measured at 560 nm using a Promega Glomax Elisa 

reader. Each test was performed at least in triplicate. The 

obtained absorbance values were analyzed using the 

GraphPad Prism statistical software, and the half-

maximal inhibitory concentrations (IC50) of the drugs on 

cells were determined (Aslan et al. 2020). 

The impact of effective doses on apoptosis and 

reactive oxygen species (ROS) activity in cells was 

determined using the Muse™ Annexin V & Dead Cell Kit 

(Catalog No: MCH100105) and Muse® Oxidative Stress 

Kit (Catalog No: MCH100111), respectively. For this 

purpose, cells were seeded into 6-well culture plates, and 

silver metal compounds doses that induced IC50 values in 

the cells, as determined by MTT assay, were used. After 

a 48-hour incubation with drugs, apoptosis and oxidative 

stress tests were performed. The kits were used according 

to the manufacturer's instructions, and data were analyzed 

using TURCOSA statistical software. A dependent two-

sample t-test was used to evaluate the effects of different 

drugs on the same cells. 

Cells were stained with propidium iodide (PI) and 

Hoechst double staining to visualize apoptosis and cell 

membrane integrity. Like the MTT assay, cells were 

seeded into 96-well culture plates, and drug doses 

resulting in IC50 values were added. After 48 hours, cells 

were washed three times with DPBS, incubated with 

DPBS containing PI and Hoechst for 15 minutes in the 

dark and imaged using a fluorescence microscope at x20 

objective (Nikon, Ti Eclipse). 

Statistics 

The half-maximal inhibitory concentrations (IC50) 

values were analyzed using the GraphPad Prism statistical 

software and other statistical evaluations were made using 

a t-test. 

Results 

Preparation of Silver Metal Compounds 

The open structures of benzimidazol ring conteined 

silver metal complexes were given in Fig. 1. The known 

complex, [1-phenyl-3-(2,4,6-trimethylbenzyl) 

benzimidazole-2-ylidene]chlorosilver(I), SE-231, was 

synthesized according to the literature (Gök et al. 2014). 

The known complexes, 1-(2-diethylaminoethyl)-3-

(2,3,5,6-tetramethylbenzyl)benzimidazole-2-

ylidene]chlorosilver(I), SE-208, and 1-(2-

diethylaminoethyl)-3-(2,3,4,5,6-pentamethylbenzyl) 

benzimidazole-2-ylidene]chlorosilver(I), SE-209, were 

prepared according to the literature (Akkoç et al. 2014, 

Gök et al. 2014). 

NMR data of the synthesized known compounds are 

given below. Both proton and carbon NMR data prove the 

accuracy of the structures. 
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Fig. 1. Synthesized Ag-NHC complexes. 

[1-Phenyl-3-(2,4,6-trimethylbenzyl)benzimidazol-2-

ylidene]chlorosilver(I), SE-231  
1H NMR (300.13 MHz, DMSO-d6); δ: 1.65 and 2.52 

[s, 9 H, NCH2C6H2(CH3)3-2,4,6]; 5.55 [s, 2 H, 

NCH2C6H2(CH3)3-2,4,6]; 6.71–8.26 (m, 11 H, Ar-H). 13C 

NMR (75.47 MHz, DMSO-d6); δ: 20.4, 21.1, 55.3, 112.8, 

125.0, 128.2, 130.4, 125.5, 129.8, 134.1, 135.2, 126.7, 

134.3, 137.9, and 138.5 (Gök et al. 2014). 

[1-(2-Diethylaminoethyl)-3-(2,3,5,6-

tetramethylbenzyl)benzimidazol-2-ylidene]chlorosilver(I), 

SE-208 
1H NMR (300.13 MHz, DMSO-d6), δ: 0.7–2.74 [m, 14 

H, NCH2CH2N(C2H5)2]; 2.07 and 3.35 [s, 12 H, 

NCH2C6H(CH3)4-2,3,5,6]; 5.54 [s, 2 H, NCH2C6H(CH3)4-

2,3,5,6]; 6.97–7.93 (m, 5 H, Ar-H). 13C NMR (75.47 

MHz, DMSO-d6), δ: 12.1, 20.8, 46.5, 47.3, 16.4, 48.6, 

52.8, 112.2, 112.6, 124.4, 131.9, 132.5, 133.6, 133.8, 

134.4, and 134.5 (Akkoç et al. 2014).  

1-(2-Diethylaminoethyl)-3-(2,3,4,5,6-

pentamethylbenzyl)benzimidazole-2-ylidene] 

chlorosilver(I), SE-209  
1H NMR (300.13 MHz, DMSO-d6), δ: 0.92 [t, 6 H, J: 

7.16 Hz, NCH2CH2N(CH2CH3)2]; 2.21–2.35 [m, 15 H, 

NCH2C6(CH3)5]; 2.52 [q, 4 H, J: 7.14 Hz, N(CH2CH3)2]; 

2.84 and 4.39 (tt, 4 H, J: 6.61 and 6.59 Hz, 

NCH2CH2NC4H10); 5.48 [s, 2 H, NCH2C6(CH3)5]; 7.14–

7.55 (m, 4 H, Ar-H). 13C NMR (75.47 MHz, DMSO-d6), 

δ: 12.1, 17.1, 17.2, 17.4, 47.6, 47.7, 49.0, 53.2, 111.3, 

111.6, 123.9, 124.1, 126.6, 126.9, 132.9, 133.9, 134.2, and 

137.3 (Akkoç et al. 2014).  

Cell Culture and Evaluation of Compounds' 

Anticancer Effect 

In the MTT assay, six doses of each drug candidate 

were added to the cells, with concentrations of 200, 100, 

50, 25, 12.5, and 6.25 µM. The absorbance data obtained 

from the MTT assay were evaluated using the GraphPad 

Prism software to determine the IC50 value for each cell 

line. The IC50 values for the cells are presented in Table 1. 

According to the MTT results, SE-208 containing 2-

diethylaminoethyl and 2,3,5,6-tetramethylbenzyl 

substituents on the nitrogen atoms in the benzimidazole 

ring is the most cytotoxic compound at IC50, with a value 

of 3.08 µM, against MCF7 cells. Overall, SE-208 was the 

most effective at the lowest dose for all cell lines. 

According to the literature, silver compounds exhibit high 

cytotoxicity due to their metal complex content. 

The apoptosis test’s result graph was given in Fig.2. 

According to the results of the apoptosis test using 

Annexin V, all compounds statistically significantly 

affected the cells. The initial evaluation was performed by 

comparing silver compounds with each other. According 

to this comparison, silver compounds reduced the number 

of viable cells in A549 and CaCo2 cell lines compared to 

organic compounds. 

For early apoptosis, the most effective cells for silver 

compounds were MCF7, PC3, and Wl38, respectively. 

The lowest early apoptosis values were observed in the 

CaCo2 cell line. An increase in late apoptosis values was 

observed in MCF7, CaCo2, and A549 cells. In the Wl38 

cell line, the SE-208 compound primarily increased late 

apoptosis. CaCo2 and A549 cells had the highest number 

of dead cells. 

When the results were evaluated cell-by-cell, the 

Wl38 epithelial lung line was the most affected by the 

compounds. The study included this line to test whether 

the compounds were specific to cancer cells. According 

to the apoptosis test, the SE209 compound containing 2-

diethylaminoethyl and 2,3,4,5,6-pentamethylbenzyl 

substituents on the nitrogen atoms in the benzimidazole 

ring showed more cancer cell specificity than others. 

Regarding individual apoptosis test results for the 

produced compound, the SE209 compound was 

effective. SE209 significantly reduced viability in 

CaCo2 and A549 cells and increased apoptosis 

significantly in the same cell lines. Overall, CaCo2 and 

A549 cells were the most affected by the compounds and 

showed similar reactions. 

The oxidative stress test results were given in Fig3. 

According to the oxidative stress test results, silver metal 

compounds increased the ROS activity more than Cis-

platin on A549 (%ROS+ activity: Cis-platin56; SE23177; 

SE20864; SE20959), PC3 (%ROS+ activity: Cis-platin60; 

SE20961), and Wl38 (%ROS+ activity: Cis-platin17; SE23177; 

SE20819; SE20969) cell lines statistically significantly 

(p>0.05). On CaCo2 and MCF7 cell lines, compounds 

affected the cells positively and reduced the ROS activity 

when compared to the control. 

Based on the results obtained from PI-Hoechst double 

staining, PI staining was observed in the cells as a result 

of the compounds’ apoptotic effects. The integrity of the 

cell membranes was maintained, and no disruption in cell 

integrity was observed (Figs 4-8). 

Table 1. IC50 values of complexes. 

Complexes 
IC50 (µM) 

A549 CaCo2 MCF-7 PC3 Wl38 

SE-231 38.95 22.22 49.62 163.90 6.83 

SE-208 4.79 5.01 3.08 10.18 3.34 

SE-209 14.49 9.60 17.74 45.48 40.34 

Cisplatin 21.05 16.53 28.22 72.17 51.65 
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Fig. 2. Percentages of the cancer cell lines’ apoptosis in the absence/presence of compounds SE-231, SE-208, SE-209. 

 

Fig. 3. Percentages of the ROS+ cells in the absence/presence of compounds SE-231, SE-208, SE-209. 

 

Fig. 4. The fluorescence microscopy images of A549 cell line in the presence of compounds SE-231, SE-208, and SE-209, scale 

bars=100µM. 
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Fig. 5. The fluorescence microscopy images of the CaCo2 cell line in the presence of compounds SE-231, SE-208, and SE-209, scale 

bars=100µM. 

 

Fig. 6. The fluorescence microscopy images of the MCF-7 cell line in the presence of compounds SE-231, SE-208, and SE-209, scale 

bars=100µM. 
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Fig. 7. The fluorescence microscopy images of the PC3 cell line in the presence of compounds SE-231, SE-208, and SE-209, scale 

bars=100µM. 

 

Fig. 8. The fluorescence microscopy images of the Wl38 cell line in the presence of compounds SE-231, SE-208, and SE-209, scale 

bars=100µM. 
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Discussion 

Cancer is a threat to human life, with increasing 

mortality rates globally. The cancer drugs have toxic risks 

and resistance to cancer drugs is increasing. Because of 

this, the development of new drugs for disease treatment 

is urgent need. Benzimidazole containing drugs has 

cytotoxic effects on cancer cells (Bansal & Silakari 2012, 

Tonelli et al. 2014, Akkoç et al. 2016b, Gök et al. 2019). 

The benzimidazole ring's privileged skeletal structure has 

led to the development of many essential drugs used in 

various therapeutic areas, such as antihistamines, 

anthelmintics, proton pump inhibitors, and angiotensin 

receptor antagonists (Abdelgawad et al. 2019, 

Shingalapur et al. 2010). Due to their various biological 

activity properties, benzimidazole-based heterocyclic 

compounds hold a significant place in chemistry (Taha et 

al. 2018, Özil et al. 2018). 

With these underscores we investigated the silver 

metal complexes that contained benzimidazole nuclei on 

lung (A549), colon (CaCo2), breast (MCF7), and prostate 

(PC3) cancer cell lines and Wl38 healthy epithelial cell 

line. Our results show the three silver metal complexes 

SE-231, SE-208 and SE-209 have antiproliferative effects 

on cell lines. In some studies in the literature, are in line 

with our study. 

Liu et al. (2012) investigated the anticancer effect of 

benzimidazole derivatives synthesized on A549, 

HCT116, A375, HepG2, and PC-9 cancer cell lines using 

the MTT method and reported that the synthesized 

compounds had high anticancer activity. Thimmegowda 

et al. (2008), who examined the effects of benzimidazole-

like compounds on the MDA-MB-231 breast cancer cell 

line, stated that these compounds had a vigorous 

antiproliferative activity. Mavrova et al. (2013) used 

benzimidazole-containing compounds and HT-29, MDA-

MB231, HeLa, HepG2, and Lep-3 cancer lines in their 

study, and found that the compounds they synthesized 

were more effective in a different cell line, and all 

compounds had particularly effective antiproliferative 

effects against Lep-3. 

In this study, three silver-containing compounds were 

produced. These compounds were compared regarding 

MTT, apoptosis, reactive oxygen species (ROS) activity, 

and cell membrane integrity in four cancers and one 

regular cell line. According to the apoptosis analysis, the 

most effective drug was SE209. CaCo2 and A549 cells 

were identified as the most affected cells by the drugs. 

According to the apoptosis data, again, the SE209 

compound was more selective against cancer cells than 

cisplatin. 

Regarding the oxidative stress analysis, cancer cells 

were more resistant to oxidative stress than normal cells. 

According to the fluorescent staining results, apoptosis 

markers were observed in the cells, and no disruption in 

cell membrane structures was observed. In conclusion, 

three benzimidazole containing silver metal complexes 

that may have anticancer properties were promising as 

anticancer drugs. In vivo animal studies may bring these 

compounds closer to clinical use. 
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Abstract: Interleukin 7 (IL7)-Interleukin 7 Receptor Alpha (IL7RA) signaling is well 

investigated in hematological cancers, but in solid cancers, its role needs to be investigated 

further. In a recent study, IL7R was identified as a key gene in leptomeningeal carcinoma. 

Unfortunately, there is limited patient data on leptomeningeal carcinoma from breast, lung 

and skin cancers. In this study, IL7RA missense mutations that could have pathologic 

importance in lung, breast and skin cancers were analyzed in silico. Using Genomic Data 

Commons (GDC) data portal, lung, breast and melanoma data from 3250 patients were 

filtered to list IL7RA missense mutations. Sorting Intolerant From Tolerant (SIFT), 

Polymorphism Phenotyping v2 (PolyPhen2), Universal Mutation Database Predictor (UMD-

Predictor) and Single Nucleotide Polymorphisms & Gene Ontology (E-SNP&GO) servers 

were employed to reveal pathogenic variants. Conservation Surface Mapping (ConSurf )was 

used to analyze conservation scores. Domains were investigated by InterPro tool. Molecular 

docking of IL7-IL7RA was performed by ClusPro, Mutational Binding free energy change 

predictor 2 (Mutabind2) and Protein-Ligand Interaction Profiler (PLIP) servers. Stability of 

the mutations were analyzed by Impact-Mutant 2.0 (I-Mutant2), Mutation Protein Stability 

Prediction (MUpro) and Impact of Non-synonymous mutations on Protein Stability-Multi 

Dimension (INPS-MD). Structural changes were determined using Dynamic Mutation 

predictor 2 (DynaMut2) and Have (y)Our Protein Explained (HOPE) servers. Out of 99 

missense mutations identified, 6 (T56P, C57Y, K204I, S207F, G215V and W217C) were 

defined as pathogenic. All these mutations were primarily found in lung cancer and located 

in the extracellular domain of IL7RA. Although none were in the interaction interface of IL7, 

all were located at or next to conserved motifs. This proximity likely destabilizes IL7RA and 

drastically changes its bonding patterns. The IL7RA missense mutations may have a 

significant role in lung cancer, as they presumably change the protein’s function.   

Özet: İnterlökin 7 (IL7)-İnterlökin 7 Reseptör Alfa (IL7RA) sinyali hematolojik kanserlerde 

iyi araştırılmış, ancak, solid kanserlerdeki rolünün daha fazla araştırılması gerekmektedir. 

Son yapılan bir çalışmada, IL7R leptomeningeal karsinomda anahtar gen olarak 

tanımlanmıştır. Meme, akciğer ve deri kanserlerinden kaynaklanan leptomeningeal 

karsinomda, ne yazık ki sınırlı sayıda hasta verisi bulunmaktadır. Bu çalışmada, akciğer, 

meme ve deri kanserlerinde patolojik öneme sahip olabilecek IL7RA yanlış anlamlı 

mutasyonları bilgisayarlı olarak analiz edildi. GDC veri portalı kullanılarak, 3250 hastadan 

alınan akciğer, meme ve deri kanseri verileri filtrelenerek IL7RA yanlış anlamlı mutasyonları 

listelendi. Patojenik varyantları ortaya çıkarmak için Sorting Intolerant From Tolerant 

(SIFT), Polymorphism Phenotyping v2 (PolyPhen2), Universal Mutation Database Predictor 

(UMD-Predictor)ve Single Nucleotide Polymorphisms & Gene Ontology (E-SNP&GO) 

sunucuları kullanıldı. Korunma puanları analiz etmek için Conservation Surface Mapping 

(ConSurf) kullanıldı. Domain adları InterPro aracıyla araştırıldı. IL7-IL7RA'nın moleküler 

yerleştirilmesi ClusPro, Mutational Binding free energy change predictor 2 (Mutabind2) ve 

Protein-Ligand Interaction Profiler (PLIP) sunucuları tarafından gerçekleştirildi. 

Mutasyonların stabilitesi Impact-Mutant 2.0 (I-Mutant2), Mutation Protein Stability 
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Prediction (MUpro) ve Impact of Non-synonymous mutations on Protein Stability-Multi 

Dimension (INPS-MD) ile analiz edildi. Yapısal değişiklikler Dynamic Mutation predictor 2 

(DynaMut2) ve Have (y)Our Protein Explained (HOPE) sunucuları kullanılarak belirlendi. 

Tanımlanan 99 yanlış anlamlı mutasyondan 6'sı (T56P, C57Y, K204I, S207F, G215V ve 

W217C) patojenik olarak belirlendi. Tüm mutasyonların öncelikli olarak akciğer kanserinde 

bulunduğu ve IL7RA'nın ekstraselüler alanında yerleştiği tespit edildi. Her ne kadar hiçbiri 

IL7 etkileşiminin ara yüzünde olmasa da, hepsi korunmuş motiflerin yanında veya yakınında 

konumlanmışlardı. Bu yakınlık IL7RA'yı istikrarsızlaştırmakta ve bağlanma paternini büyük 

ölçüde değiştirmektedir. IL7RA yanlış anlamlı mutasyonları muhtemelen proteinin işlevini 

değiştirdiği için akciğer kanserinde önemli bir role sahip olabilir.  

 

Introduction

Interleukin 7 (IL7) and IL7 Receptor Alpha (IL7RA) 

signaling is a widely studied pathway, whose role has 

been extensively defined in B and T cell development and 

differentiation (Mazzucchelli & Durum 2007, Winer et al. 

2022). The signaling of IL7 starts upon binding to IL7RA 

extracellular domain. The receptor heterodimerization 

occurs after this binding and triggers the phosphorylation 

of cytoplasmic tyrosine residue on the IL7RA. This 

phosphorylation activates the Janus kinase/signal 

transducers and activators of transcription (JAK-STAT) 

signaling and results in cell survival and proliferation 

(Barros et al. 2021, Winer et al. 2022).  

The signaling of IL7 is controlled through receptors as 

IL7 has constitutive expression. One of the control 

mechanisms is via receptor shedding and converting the 

membrane bound IL7RA into soluble IL7RA (sIL7RA) 

(Vranjkovic et al. 2007, Lundström et al. 2013). Another 

control mechanism is alternative splicing of the receptor 

transcript to generate the sIL7RA. The soluble version of 

the receptor competes with the membrane bound one for 

IL7 and reduces the amount of ligand that binds to it. 

However, sIL7RA suppresses the expression of negative 

controllers of the IL7 signaling and increases the 

bioactivity via membrane bound IL7RA (Vranjkovic et al. 

2007, Mazzucchelli et al. 2012, Lundström et al. 2013, 

Barros et al. 2021, Wang et al. 2022). 

There are many mutations of IL7RA causing different 

pathologies, of which those causing immunodeficiency 

and autoimmune diseases are well defined (Puel et al. 

1998, Mazzucchelli et al. 2012, Campos et al. 2019, Yan 

et al. 2023). Alterations causing leukemia were also 

reported in many studies (Kim et al. 2013, Barata et al. 

2019). In solid cancers, the effect of IL7 - IL7RA 

signaling was mostly investigated from the perspective of 

immune cell filtration or tumor microenvironment 

(Caushi et al. 2021, Wang et al. 2022,). However, it is 

reported in the human protein atlas (proteinatlas.org) that 

tissues like the lung, breast, small intestine, skin and more 

also express IL7RA and studies reported the expression of 

the receptor in different cancer cell lines (Cosenza et al. 

2002). One such study reported that in lung 

adenocarcinoma cell lines, IL7RA expression was 

significantly lower when compared with normal lung cell 

line (Wang et al. 2022). Although the expression was 

documented, there are few studies investigating the 

effects of IL7RA missense mutations in the context of 

solid tumors. One such study reported 3 intronic and 2 

3’UTR variants in the Chinese-Han population increasing 

breast cancer susceptibility (Wang et al. 2020). Similarly, 

T244I mutation was reported for susceptibility to breast 

cancer (Vitiello et al. 2018).  

IL7R was reported as an important gene in brain 

metastasis from non-small cell lung cancer (Zu et al. 

2023). In accordance with this finding, we have recently 

reported IL7R as an important role player in 

leptomeningeal carcinoma (Congur et al. 2023). This type 

of cancer is a metastatic form of lung, breast and skin 

cancer which localizes to the meninges of the brain. The 

patients after this metastasis unfortunately have a very 

short lifespan. That is why more investigation is required 

to understand this type of metastasis for developing better 

or targeted medications. The main focus of this study is to 

define and understand the effects of missense mutations 

of IL7RA in lung, breast and skin cancers by employing 

computational methods. 

Materials and Methods 

Data retrieval 

The mutations of IL7R were retrieved from the 

National Institutes of Health Genomics Data Commons 

(GDC) Data Portal (https://portal.gdc.cancer.gov). The 

portal’s last update was on March 29, 2024 at the time of 

the last analysis (July 4, 2024). Under the tab Cohort 

Builder, primary sites lung and bronchus, breast and skin 

were selected for analysis. Within the selected cohort, 

mutations of IL7R were searched by using mutation 

frequency app tool under the analysis tab. Then the 

mutations listed were filtered to show missense mutations. 

Mutation analysis 

The pathogenicity of the mutations were analyzed by 

Sorting Intolerant From Tolerant (SIFT) (https://sift.bii.a-

star.edu.sg) (Sim et al. 2012), Polymorphism Phenotyping 

v2 (PolyPhen2) (http://genetics.bwh.harvard.edu/pph2/) 

(Adzhubei et al. 2010), Universal Mutation Database 

Predictor (UMD-Predictor) (https://umd-

predictor.genomnis.com/mutation) (Salgado et al. 2016) 

and Single Nucleotide Polymorphisms & Gene Ontology 

(E-SNP&GO) (https://esnpsandgo.biocomp.unibo.it/) 

(Manfredi et al. 2022) mutation analysis servers. UMD-

Predictor was chosen considering it has high sensitivity 

(0.95) and accuracy (0.85) when compared with the tools 

available (Salgado et al. 2016). Similarly, E-SNP&GO 

determines the pathogenicity of the mutation, employing 

Gene Ontology (GO) functional annotations and has high 

precision (85.7%) when compared with the other methods 

(Manfredi et al. 2022).  FASTA file of the protein sequence 

used in these tools listed above was obtained from 

Universal Protein Resource (UniProt) ID: P16871-1 and 

https://portal.gdc.cancer.gov/
https://sift.bii.a-star.edu.sg/www/SIFT_related_seqs_submit.html
https://sift.bii.a-star.edu.sg/www/SIFT_related_seqs_submit.html
http://genetics.bwh.harvard.edu/pph2/
https://umd-predictor.genomnis.com/mutation
https://umd-predictor.genomnis.com/mutation
https://esnpsandgo.biocomp.unibo.it/
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the corresponding Ensembl ID ENST00000303115 was 

used in UMD-Predictor. The conservation analysis was 

performed by Conservation Surface Mapping (ConSurf) 

(https://consurf.tau.ac.il/consurf_index.php) (Ashkenazy et 

al. 2016) by using the UniProt ID: P16871. Disease 

association of the mutations was investigated by Clinical 

Variation (ClinVar) 

(https://www.ncbi.nlm.nih.gov/clinvar/). 

Domain, Docking and Stability analysis 

The domains where the mutations are located were 

analyzed by InterPro (https://www.ebi.ac.uk/interpro/) 

(Paysan-Lafosse et al. 2023). The stability of the mutated 

receptor was analyzed by using Impact-Mutant 2.0 (I-

Mutant2) (https://folding.biofold.org/cgi-bin/i-

mutant2.0.cgi) (Capriotti et al. 2005), Mutation Protein 

Stability Prediction (MUpro) 

(https://mupro.proteomics.ics.uci.edu/) (Cheng et al. 2006) 

and Impact of Non-synonymous mutations on Protein 

Stability-Multi Dimension (INPS-MD) sequence based  

(https://inps.biocomp.unibo.it/welcome/default/index) 

(Fariselli et al. 2015) servers. The FASTA sequence of 

IL7RA protein was retrieved from UniProt ID: P16871.  

For the docking of the IL7 to the mutated IL7RA, 

Cluspro (https://cluspro.org/) (Kozakov et al. 2013, Vajda 

et al. 2017, Kozakov et al. 2017,Desta et al. 2020), 

Mutational Binding free energy change predictor 2 

(Mutabind2) 

(https://lilab.jysw.suda.edu.cn/research/mutabind2/) 

(Zhang et al. 2020) and Protein-Ligand Interaction Profiler 

(PLIP) (https://plip-tool.biotec.tu-dresden.de/plip-

web/plip/index) servers (Salentin et al. 2015) were used. 

For the structural comparison analysis of wild type vs 

mutant receptors Dynamic Mutation predictor 2 

(DynaMut2) (https://biosig.lab.uq.edu.au/dynamut2/, 

Pearson’s correlation value 0.72) (Rodrigues et al. 2021) 

and Have (y)Our Protein Explained (HOPE) 

(https://www3.cmbi.umcn.nl/hope/) (Venselaar et al. 

2010) servers were employed. The Protein Data Bank 

(PDB) files used in these analyses were obtained from 

UniProt available under the codes 7OPB, 3DI2, 3DI3 and 

3UP1. 

Results 

Data Mining and Evaluation of the Pathogenicity Risks 

In GDC Data portal the primary sites lung and 

bronchus, breast and skin revealed 10382 cases. Among 

these cases 169 IL7RA somatic mutations were reported. 

Upon filtering for missense only mutations, 102 missense 

variants were listed, 2 of these mutations were 

synonymous and 1 was at the splice site. These 3 

mutations were excluded and the pathogenicity risk 

analysis was performed over the remaining 99 mutations. 

(Supplementary Material 1). 

Pathogenicity risks were computed by using SIFT and 

40 of the mutations were found to be deleterious. Then 

these 40 mutations were further analyzed by PolyPhen2 

tool which reduced the list to 24. These 24 mutations 

annotated as “probably damaging” by PolyPhen2 were 

then run in UMD-Predictor and E-SNP&GO tools. UMD-

Predictor scores the mutations for their pathogenicity over 

100 where over 75 is categorized as pathogenic. Among 

these 24 variants 18 were found to be pathogenic and 11 

variants were scored 100 for pathogenicity in UMD-

Predictor (Supplementary Material 2). The variants that 

scored 100 were chosen. In E-SNP&GO the mutations 

were given a pathogenicity probability score over 1 

annotating them as pathogenic or benign. Moreover, a 

reliability index over 9 was determined for the prediction 

of each variant, indicating 9 as the most reliable. For this 

purpose, upon the computation of E-SNP&GO tool, the 

mutations annotated as pathogenic which have a 

reliability score of 9 were chosen. 8 of the missense 

mutations were found to be reliably pathogenic according 

to this tool. As a result, the list of missense mutations was 

refined to 6 which were annotated as pathogenic in all 4 

servers. These mutations were T56P, C57Y, K204I, 

S207F, G215V and W217C (Table 1). 

Positions and Conservation Status of 6 Missense 

Mutations 

IL7RA missense mutations listed in Table 1 were 

further investigated in ClinVar. Except from G215V 

mutation, none of the others (T56P, C57Y, K204I, S207F, 

W217C) were reported in Clinvar. G215V variant was 

reported as likely pathogenic and was associated with 

immunodeficiency. The mutations were searched in GDC 

Data Portal specifically and 5 of the mutations, T56P, 

C57Y, S207F, G215V and W217C were detected in lung 

and bronchus but K204I variant was detected at skin as 

primary site. In this short list, no mutation was associated 

with breast cancer.  

The 6 missense mutations were further analyzed 

according to the positions of the amino acids by using 

InterPro server (Supplementary Material 3). Interestingly 

all these mutations were located at the extracellular 

domain. T56P, C57Y were located at FN3_7 domain 

specifically found in IL7RA (IL-7Ralpha, fibronectin 

type III domain). K204I, S207F, G215V and W217C were 

found in fibronectin type III (FN3) domain of IL7RA. 

Moreover, using Conservation Surface Mapping 

(ConSurf) tool the conservation scores of each amino acid 

at the IL7RA protein sequence were detected 

(Supplementary Material 4). The scoring ranges between 

1-9,9 being the most conserved. Regarding this tool, all 

the mutations were at conserved amino acids where for 5 

of them (C57, K204, S207, G215 and W217), the score 

was 9 and T56 had a score of 7 (Table 2). 

Comparing the Stability of the IL7RA mutants with the 

wild type 

Since the ConSurf analysis revealed that the mutations 

were at conserved amino acids, the stability of the mutant 

proteins was investigated by using different tools (Table 3). 

When I-Mutant 2 tool was used, T56P, C57Y, K204I, 

G215V and W217C were found to decrease the stability of 

the protein while S207F alteration increased the stability.  

https://www.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000168685;r=5:35852695-35879603;t=ENST00000303115
https://consurf.tau.ac.il/consurf_index.php
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ebi.ac.uk/interpro/
https://folding.biofold.org/cgi-bin/i-mutant2.0.cgi
https://folding.biofold.org/cgi-bin/i-mutant2.0.cgi
https://mupro.proteomics.ics.uci.edu/
https://inps.biocomp.unibo.it/welcome/default/index
https://cluspro.org/
https://lilab.jysw.suda.edu.cn/research/mutabind2/
https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index
https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index
https://biosig.lab.uq.edu.au/dynamut2/
https://www3.cmbi.umcn.nl/hope/


12 Z. Tokcaer Keskin 

Table 1. IL7RA mutations analyzed as pathogenic by 4 different tools. 

Mutation Wild type amino acid Mutant amino acid 

T56P 

(Thr56Pro) 

 
 

C57Y 

(Cys57Tyr)  

 

K204I 

(Lys204Ile) 

 

 

S207F 

(Ser207Phe) 

 

 

G215V 

(Gly215Val)  

 

W217C 

(Trp217Cys) 

 

 

Table 2. ConSurf conservation scores of the wild type IL7RA amino acids at the mutated sites. 

AMINO ACID 

POSITION 

T56 

(THR56) 

C57 

(CYS57) 

 

K204 (LYS204) 

 

S207 (SER207) 

 

G215 (GLY215) 

 

W217 (TRP217) 

 

SCORE 7 9 9 9 9 9 

Table 3. Stability and ΔΔG of the IL7RA mutants compared to wild type. 

 
T56P 

(Thr56Pro) 

C57Y 

(Cys57Tyr) 

K204I 

(Lys204Ile) 

S207F 

(Ser207Phe) 

G215V 

(Gly215Val) 

W217C 

(Trp217Cys) 

I-Mutant2 

(Stability) 

 

Decrease Decrease Decrease Increase Decrease Decrease 

MUpro 

(Stability) 

 

Decrease Decrease Decrease Decrease Decrease Decrease 

INPS-MD 

ΔΔG (kcal/mol) 
-1.19 -2.06 0.56 -0.32 -1.71 -1.62 
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However, this latter change had a reliability index of 4 

which was the lowest value among all 6 mutations tested. 

In addition to I-Mutant 2, the stabilities of the mutants were 

also investigated by MUpro tool. MUpro calculated the 

stability of all mutants as decreasing. These two algorithms 

were in consensus about the decreasing stability of all 

mutants except S207F. Additionally, the ΔΔG (kcal/mol) 

scores of the mutated proteins were calculated with INPS-

MD server by using the sequence as an input. The energy 

scores were negative for T56P, C57Y, S207F, G215V and 

W217C but positive for K204I. These algorithms calculate 

the free energy from folded structure towards unfolded 

structure (Pancotti et al. 2022, Benevenuta et al. 2023). In 

accordance with these results, most of the mutations might 

have a destabilizing effect on IL7RA. 

Structural comparison of the IL7RA mutants with the 

wild type 

After analyzing the stability of the mutations, the 

docking of IL7 was performed by using ClusPro, 

Mutabind and PLIP tools, with PDB files obtained from 

UniProt. 3DI2, 3DI3 and 3UP1 files were analyzed in all 

3 tools. 3DI2 and 3DI3 files contained, IL7 and IL7RA 

structural information, whereas 3UP1 file has the IL7RA 

homodimer interaction of the extracellular domain. 

However, although all the mutations were at the 

extracellular compartment of IL7RA, they were not at the 

IL7 or IL7RA interaction interface. Therefore, the 

structural comparison of the wild type versus mutant 

IL7RA was analyzed for each 6 of the mutations by both 

HOPE and DynaMut2 servers. These tools after 

computing the mutation, give graphical outputs of the 

mutated region of the protein by comparing mutated with 

the wild type. All 6 variants were analyzed in both tools. 

HOPE server requests UniProt ID as an input and 

recognizes the PDB file 7OPB, while DynaMut2 requires 

the PDB file of choice as an input. 7OPB file was used to 

standardize the PDB input and the visual figures were 

presented as the outputs of DynaMut2.  

 

Fig. 1. Wild type versus mutant IL7RA structures executed by the DynaMut2 server. The differences were plotted by choosing single 

mutation analysis type. The colors of the interactions were annotated by the server as: light blue - Van der Waals attractions, green - 

hydrophobic bonds, red - hydrogen bonds, yellow - ionic bonds, light green - aromatic interactions, orange - polar bonds. 
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When each mutation was compared relative to its wild 

type, all mutations were found to disturb the sequence of 

FN3 domain, which was already confirmed by InterPro 

server. C57T mutation replaces cysteine, a small and –S 

containing amino acid, with a non –S and big amino acid, 

tyrosine, which also contains a ring. The cysteine at this 

position is associated with a sulfide bridge occurring 

between 2 cysteines (Campos et al. 2019) and this bridge 

should be lost at mutant protein, which probably would 

cause destabilization of IL7RA. Besides, the 

hydrophobicity of the wild type and mutant residues 

would be different affecting the hydrophobic interactions 

of the core protein. Tyrosine is a bigger amino acid by 

size, and it would not completely fit in the place of 

cysteine as well. As a result, the cysteine that is buried in 

wild type protein when altered into a tyrosine was 

assumed to be in a more exposed position (Fig. 1a-b). 

Similar to C57T mutation T56P mutation is just before 

the cysteine bridge and it is also introducing a ring 

structure. Proline is known to be present more in beta 

turns and not compatible with beta strands (Li et al. 1996, 

Mir et al. 2023). Consequently, this structure change 

could disturb both the –S bridge and the beta sheet 

configurations in the wild type protein. Furthermore, their 

hydrophobicity differences would change hydrogen 

bonds in the core IL7RA protein disturbing the correct 

folding (Fig. 1c-d). 

Mutation K204I was found to replace a positively 

charged amino acid, lysine with a neutral isoleucine. This 

change would be associated with the disruption of the salt 

bridge between lysine and glutamic acid at position 202 

according to HOPE server. This charge change would 

affect the internal and external interactions of the receptor 

(Fig. 1e-f). 

Variant S207F also introduced a ring structure to the 

IL7RA, changing the hydrogen bonds that were 

established in the wild type receptor. This assumption is 

also supported by the change in the hydrophobicity of the 

wild type amino acid. Moreover, serine in this position 

bears a buried confirmation while the mutant amino acid 

phenylalanine, would be exposed for being bigger than 

the wild type (Fig. 1g-h). 

Glycine is a flexible amino acid (Senthil et al. 2019). 

G215V mutation for that reason could affect the flexibility 

of IL7RA protein which could cause functional changes. 

Additionally, the sizes of glycine in wild type and valine 

in the mutant differ and would result in an exposed amino 

acid in the backbone (Fig. 1i-j). 

The last mutation W217C is located in a WSXWS 

motif. This motif is important for the receptor activation 

of the cytokine receptors (Campos et al. 2019). The 

mutant protein would have a disrupted motif and although 

the residue is not in the interface of IL7-IL7RA 

interaction, it could possibly affect the ligand receptor 

contacts by causing a change in the neighboring 

interactions (Fig. 1k-l). 

Discussion 

IL7RA mutations were extensively studied in 

leukemia, T and B cell development. It is found both as 

homodimer and heterodimer but the dimerization 

depends on the type of the ligand bound (Mazzucchelli 

& Durum 2007, Winer et al. 2022). In our recent study, 

IL7R was proposed as one of the genes that could be 

important in leptomeningeal carcinoma (Congur et al. 

2023). However, there are limited number of patient data 

on leptomeningeal carcinoma which is a deadly 

metastatic form of mostly breast, lung and skin cancers. 

Specifically, IL7RA downregulation was reported in 

lung cancer (Wang et al. 2022). Moreover, in non-small 

cell lung cancer, the knockdown of IL7RA leads to 

overexpression of multidrug resistance (Ke et al. 2019). 

However, the missense mutations were not very well 

investigated in these solid cancers. Therefore, a cohort 

of lung, breast and skin cancer as a primary site was 

selected to analyze the effects of mutations in IL7RA 

computationally. 

In this study, 99 missense mutations from a cohort of 

3250 patients were analyzed by 4 different servers 

(SIFT, PolyPhen2, UMD-Predictor and E-SNP&GO) to 

identify the pathogenic variants. SIFT and PolyPhen2 

are widely employed servers which detect the 

pathogenicity score depending on the conservation of the 

amino acid between different species. UMD-Predictor 

uses the transcript information instead of the protein 

sequence as an input, but compares the conservation 

scores by taking biochemical properties of the proteins 

and the changes to the transcript into account. As a result 

of all these combined matrices, the server determines the 

pathogenicity score of the mutation. Suybeng et al. 

(2020) compared several different variant prediction 

tools and reported UMD-Predictor as the most accurate 

one among the tested. However, E-SNP&GO was 

developed in 2022 as another tool which also determines 

the pathogenicity by using the gene ontology 

annotations. As all these tools use different approaches 

for determining the pathogenicity, the list of missense 

mutations were analyzed sequentially in all 4 servers. 

Finally, the intersecting missense variants T56P, C57Y, 

K204I, S207F, G215V and W217C were selected for 

further investigation. Although all the tools used 

involved the conservation value for determining the 

pathogenicity, the conservation of the wild type residues 

were also checked by ConSurf tool as well to confirm 

the conservation of these residues one more time. 

It was very interesting to see that all mutations were 

in the extracellular domain and were mostly very closely 

located to each other. IL7RA had 2 different fibronectin 

domains, FN3_7 and FN3. Both domains are very 

important for the functioning of the IL7RA. These 

domains contain 2 important structural elements crucial 

for the normal folding and performance of the protein, 

disulfide bridge regions and WSXWS motifs (McElroy 

et al. 2009, Campos et al. 2019). C57Y, K204I and 

W217C variants are therefore directly related to the 



In silico analysis of IL7RA missense mutations    15 

Trakya Univ J Nat Sci, 26(1): 9-17, 2025 

proper formation of the IL7RA as they reside in these 

regions. The fibronectin domains as reported before 

have conserved beta strands in their structures (McElroy 

et al. 2009). C57Y alteration corresponds to one of the 

disulfide bonds, as a result probably disrupting the 

correct folding and beta strand configuration of the 

FN3_7 domain. Similarly, K204I and W217C mutations 

were located at the WSXWS region of the IL7RA which 

is known as a conserved sequence for type I cytokine 

receptors (McElroy et al. 2009, Campos et al. 2019). 

Both variants replace the wild type amino acid in such a 

way that the bonding property of the region drastically 

changes. Although WSXWS motif is outside of the 

contact region of the ligand, this sequence was reported 

to be important for the correct folding of IL7RA which 

brings the receptor to a structure enabling IL7 binding 

(McElroy et al. 2009). Another mutation, W217X 

(rs104893893), was previously reported in ClinVar and 

was associated with immunodeficiency. This mutation 

was generating a stop codon with a G>A mutation and 

causing early termination. Whereas W217C mutation is 

G>T and not reported in ClinVar.  A recent study 

performed with HEK293 cells indicated that cysteine 

tRNAs when overexpressed could act like a stop codon 

read-through (Valášek et al. 2023). Although this 

mutation does not replace a stop codon still it raises a 

possibility that the variant could have other 

consequences in IL7RA functions or expression that 

could be enlightened by further research studies. 

Besides changing the intra bonding of the amino 

acids, these 6 mutations have a tendency towards an 

unfolded state energetically. This tendency presents a 

destabilized condition (Pancotti et al. 2022), that could 

possibly be interpreted by degradation or aggregation of 

the unfunctional receptor. Almost all these 6 mutations 

listed in this study were significantly changing the 

bonding, hence the folding of the protein. It was also 

proposed that the IL7RA on tumor cells could be a good 

prognosis marker for the capacity to regulate immune 

cell infiltration (Wang et al. 2022). Therefore, the 

structural integrity of IL7RA probably evokes a pivotal 

role for the survival of the cancer cell. 

On the other hand, sequence-wise all 6 mutations are 

not a part of exon 6 and exon 6 skipping generates the 

soluble IL7RA (sIL7RA) (Barros et al. 2021). The 

soluble receptor competes with the membrane bound 

receptor for IL7. The decrease in IL7 concentration 

however can increase the bioactivity of the cytokine. 

Moreover, sIL7RA also suppresses the negative 

regulation of IL7 (Lundström et al. 2013, Barros et al. 

2021). If any of these mutations do increase the contact 

time of IL7 with IL7R, then it is possible that the 

proliferative signal through JAK-STAT pathway could 

be enhanced. Increased proliferation could also 

contribute to the aggressiveness of the tumor. On the 

other hand, it was also demonstrated that IL7 binding to 

IL7RA could trigger membrane shedding and 

desensitize the cell to IL7 signal (Vranjkovic et al. 

2007). These mutations could reduce the shedding of the 

receptor keeping it active with a prolonged signal. 

Accordingly, the conformational changes that occur due 

to these missense mutations could have multiple 

different consequences. 

The limitation of this current study is that the 

sequenced tumor tissue could also have immune cells 

infiltrated into the tissue. The consequence of tissue 

sequencing is not discriminating between different cell 

types in a heterogeneous tumor microenvironment. The 

second setback is the cohort of 3250 patients whose 

missense mutation list was obtained. If the number 

increases more potent mutations could be discovered. 

Moreover, all these mutations are found in 1 patient 

indicating that they are not hotspot mutations, which 

could also be the result of the limited patient number. 

Accordingly, with all the limitations of this study, the 

effect of the mutations should be validated before their 

pathogenicity is attributed to any solid cancer. To 

understand the nature of these mutations, it is necessary 

to perform fully controlled in vitro and in vivo 

experiments. In these experiments the potent mutations 

discovered with this research could be introduced into 

lung adenocarcinoma cell lines and the effects of the 

mutations could be investigated. Moreover, their 

tumorigenicity and metastatic capacities could be 

assessed with in vivo experiments. The results of this in 

silico study will help limit the number of mutations to be 

investigated by reverse genetics strategies. 

Conclussion 

In this study the missense mutations of IL7RA were 

investigated and 6 mutations, T56P, C57Y, K204I, 

S207F, G215V and W217C were evaluated as pathogenic. 

These mutations were found to affect the structure of 

IL7RA by drastically changing the confirmation. The 

confirmation changes occur in important motifs of the 

protein and they could possibly cause a change in the 

proper functioning of the IL7RA. Understanding the 

molecular biology of such mutations with further in vitro 

and in vivo studies could elevate our understanding of IL7 

signaling in solid cancers. 
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Abstract: The coelomic fluid of the red California earthworm Eisenia foetida (Sav.) includes 

a number of bioactive substances with antitumor and protective effects, thus making the fluid 

to also act as a defensive agent for the organism. Eisenia foetida coelomic fluid can be used 

as an alternative medication, for it is readily available and has few adverse effects. Metformin 

are widely used for managing type 2 diabetes mellitus by improving insulin sensitivity and 

reducing hepatic glucose production; however, therapeutic dose-related adverse effects have 

been reported. The present investigation aims to determine, for the first time, the protective 

effects of E. foetida coelomic fluid against possible metformin toxicity at the molecular and 

cellular levels. Metformin-induced cell toxicity was conducted following E. foetida coelomic 

fluid pre-treatment in Human Umbilical Vein Endothelial Cells (HUVEC). In addition to cell 

and nuclear morphology observation, a decrease in reactive oxygen species and apoptotic cell 

rate was determined. According to the obtained findings, the coelomic fluid of E. foetida 

preserved cell viability and morphology, reduced reactive oxygen species and apoptosis cell 

death, and enhanced anti-apoptotic mRNA expressions. When treating diseases, medical sup-

port and adjunct therapies should be taken into account. In this sense, our present preliminary 

in vitro findings showed that E. foetida coelomic fluid might has great additional treatment 

potential, and further molecular and animal studies to support this effect are needed.   

Özet: Kırmızı Kaliforniya solucanı Eisenia foetida'nın (Sav.) sölomik sıvısı, antitümör ve 

koruyucu etkilere sahip bir dizi biyoaktif maddeyi içerdiğinden, bu sıvının aynı zamanda or-

ganizma için bir savunma maddesi olarak da işlev görmesi sağlanmaktadır. Eisenia foetida 

sölomik sıvısı, kolayca bulunabilmesi ve yan etkilerinin az olması nedeniyle alternatif bir ilaç 

olarak kullanılabilir. Metformin, insülin duyarlılığını artırarak ve hepatik glukoz üretimini 

azaltarak tip 2 diyabetin tedavisinde yaygın olarak kullanılmaktadır; ancak terapötik doza 

bağlı yan etkiler bildirilmiştir. Bu araştırmanın amacı, E. foetida sölomik sıvısının olası met-

formin toksisitesine karşı moleküler ve hücresel düzeyde koruyucu etkilerini ilk kez belir-

lemektir. Metformin kaynaklı hücre toksisitesi, E. foetida sölomik sıvısı ön muamelesinin 

ardından gerçekleştirildi. Hücre ve nükleer morfoloji gözlemine ek olarak, reaktif oksijen 

türleri ve hücre ölümü üzerindeki koruyucu etkisi belirlendi. Elde edilen bulgulara göre, E. 

foetida sölomik sıvısı hücre canlılığını ve morfolojisini korudu, reaktif oksijen türlerini ve 

apoptotik hücre ölümünü azalttı ve anti-apoptotik mRNA ekspresyonlarını arttırdı. Has-

talıkların tedavisi, destekleyici bakım ve yardımcı tedavilerin dikkate alınmasını içermelidir. 

Bu anlamda, bu in vitro ön bulgularımız E. foetida sölomik sıvısının büyük yardımcı tedavi 

potansiyeline sahip olduğunu gösterdi ve bu etkiyi desteklemek için daha fazla moleküler ve 

hayvan çalışmasına ihtiyaç vardır.  
 

Introduction

Eisenia foetida (Sav.) (the red California worm) is a 

red earthworm and since they are sensitive to light, they 

live in the dark and show hermaphrodite characteristics. 

Their body cavities are filled with a special fluid called 

coelom and they bear a unique natural defensive 

mechanism (Heredia Rivera et al. 2020). Production of a 

wide range of bioactive compounds and the coelomic 

fluid, known to have antioxidant, hemolytic, antitumor, 

antibacterial, and protective effects, as a defense 

mechanism when animals are under stress is typical 

(Grdisa et al. 2001, Hua et al. 2011, Kilciler et al. 2022, 

Deveci Özkan et al. 2023). Although the ecological, 
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physiological, and other health-related consequences of E. 

foetida coelomic fluid (ECF) have been extensively 

studied, little is known about its therapeutic potential, 

pharmacological relevance, and cellular effects (Deng et 

al. 2018, Lin et al. 2018). Researchers claim that because 

ECF is widely accessible, reasonably priced, and has few 

side effects, it can be used as an alternative treatment 

agent (Dajem et al. 2020). More research on the capacity 

of ECF to protect against the side effects of various drugs 

is necessary, given its therapeutic utility, pharmacological 

relevance, and cellular impacts. 

The plant Galega officinalis L. is the source of a class 

of chemicals called biguanides, which are based on the 

biguanidine molecule. The primary component of G. 

officinalis, guanidine, was shown to reduce blood glucose 

levels and used to make a number of anti-diabetic 

medications, including metformin (MET) (1,1 

dimethylbiguanide) (Wang & Hoyte 2019, LaMoia & 

Shulman 2021). Although MET's label states that it treats 

type 2 diabetes mellitus, it is also used to treat other 

conditions such hyperinsular obesity, polycystic ovarian 

syndrome, and weight gain caused by antipsychotic drugs 

(Pfeiffer & Klein 2014, DeFronzo et al. 2016, Houston et 

al. 2021). Although MET is a widely used drug in many 

different conditions, therapeutic dose-related adverse 

events have been reported. Abdominal discomfort, 

nausea, diarrhea, and other gastrointestinal symptoms, 

and infrequently acute hepatitis and cholestasis are among 

the side effects connected to the therapeutic use of MET 

(Nammour et al. 2003, Kutoh 2005, Biyyani et al. 2009, 

Cone et al. 2010, Stanton 2015, Abutaleb & Kottilil 

2020). Patients who experience hyperlactatemia and 

metabolic acidosis when taking MET are susceptible to 

two primary types of toxicity: metformin-associated lactic 

acidosis (MALA) and metformin-induced lactic acidosis 

(MILA) (Blough et al. 2015). There is no specific 

treatment for MET toxicity. The foundation of its therapy 

is a supportive care, which includes the control of fluids, 

electrolytes, acid-base, respiratory, metabolic, renal, and 

hemodynamic abnormalities. Examples of adjunct 

therapy include metabolic rescue, extracorporeal 

techniques to reduce the body load of MET, serum 

alkalinization, glucose and insulin, and intestinal 

decontamination (Abad et al. 2020). 

It is thus important to search for different treatments 

and supportive options for MET's side effects, which is 

commonly used and even has a very tiring treatment for 

reducing side effects. In this study, we investigated the 

protective effects of ECF as a natural active component 

with a potential for protective effect, whose content was 

previously determined (Ozkan et al. 2022), on potential 

MET-toxicity.  

Materials and Methods 

Cell Culture Conditions  

We investigated the protective effect of ECF against 

MET-induced cell toxicity in vitro using Uuman 

Umbilical Vein Endothelial Cells (HUVEC). HUVECs 

come from the umbilical cord's venous endothelium and 

are used as a model system for the function and 

pathophysiology of endothelial cells (Park et al. 2006). 

Commercial HUVECs were purchased from the 

American Type Culture Collection (ATCC) and cultured 

in Dulbecco's Modified Eagle Medium (DMEM) 

containing 10% FBS and 0.1% penicillin and 

streptomycin. The cells were grown at 37°C with 5% CO2. 

The details in Ozkan et al. (2022) was followed to obtain 

ECF of E. foetida (Ozkan et al. 2022).  

Cell Viability Assay 

The cytotoxic effects of ECF and MET on HUVECs 

were determined by Water-Soluble Tetrazolium-1 (WST-

1) cell viability assay. For this purpose, the cells were 

seeded in 96 well plates (2 × 104 cells/well) and incubated 

for 24 h. After incubation, the cells were treated with 

different concentrations of ECF (2, 4, 8, 16, 32, and 64 

µg/mL) and MET (1.25, 2.5, 5, 10, and 20 mM) for 24 and 

48 h at 37°C with 5% CO2. After the incubation times, 

WST-1 reagent (Biovision) was added to each well and 

optic density (OD) values were measured at 450 nm with 

a microplate reader (Thermo Fisher Scientific). For the 

MET-induced toxicity model, HUVECs were pre-treated 

with ECF and followed by exposure to MET. After 

treatments, cell viability was measured by the cell 

viability assay described below. 

Enzyme-Linked Immunosorbent Assay (ELISA)  

To determine the cell death situation of cells after ECF 

pre-treatment against MET-induced cell toxicity, the free 

Annexin V (ANXA5) protein level in HUVECs were 

analyzed by the ELISA assay. For this purpose, the cells 

were seeded in 96 well plates (4 × 106 cells/well) and 

incubated for 24 h. Then, the cells were pre-treated with 

determined concentrations of ECF (2, 8, and 32 µg/mL) 

for 24h followed by exposure to MET (5 mM) for another 

24h incubation. At the end of the incubation time, the cell 

culture media of each treatment group was collected and 

the free ANXA5 protein level was determined according 

to the Human ANXA5 ELISA kit (Abcam) procedure. 

The absorbance of each well was measured at 450 nm 

using a microplate reader (Benchmark Plus), and the 

ANXA5 levels of each group were calculated according 

to the standard curve. 

Reactive Oxygen Species (ROS) Microplate Assay 

To determine the oxidative stress situation of the cells 

after ECF pre-treatment against MET-induced cell 

toxicity, the ROS generation levels of HUVECs were 

measured by the ROS microplate assay. For this purpose, 

HUVECs were seeded in 96 well plates (25 × 103 

cells/well) and incubated for 24 h. Then, the cells were 

pre-treated with determined concentrations of ECF (2, 8, 

and 32 µg/mL) for 24h followed by exposure to MET (5 

mM) for another 24 h incubation. After the incubation 

time, ROS level was determined according to the 

DCFDA/H2DCFDA-Cellular ROS Assay Kit (Abcam) 

procedure. The absorbance of each well was measured 
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using a microplate reader (Biotek), and ROS generation 

levels of each group were calculated as fold change.  

Real-Time Polymerase Chain Reaction (RT-PCR) 

Analysis 

To determine the gene expression level status of cells 

after ECF pre-treatment against MET-induced cell 

toxicity, the expression of Bax and Bcl-2 mRNA levels 

were detected by RT-PCR in HUVECs. For this purpose, 

HUVECs were seeded in T25 flasks (1 × 106 cells/flask) 

and incubated for 24 h. Then, the cells were pre-treated 

with determined concentrations of ECF (2, 8, and 32 

µg/mL) for 24h followed by exposure to MET (5 mM) for 

another 24 h incubation. After the incubation, total RNA 

was isolated from the cells using the Trizol Reagent 

(Thermo Fisher) and the concentration of total RNA was 

measured by a Qubit 3 Fluorometer (Thermo Fisher 

Scientific). After RNA isolation, cDNA was synthesized 

with a cDNA Reverse Transcription Kit (Thermo Fisher 

Scientific) and the relative gene expression levels of Bax 

and Bcl-2 were analyzed by using the CFX Connect Real-

Time PCR Detection System from Bio-Rad. Additionally, 

β-Actin was used as an endogenous reference gene. 

Acridine Orange (AO) and 4',6-diamidino-2-

fenilindol (DAPI) Staining 

To determine the morphological changes of cells after 

ECF pre-treatment against MET-induced cell toxicity, the 

changes in HUVECs and nucleus morphology were 

observed by AO and DAPI stainings, respectively. For 

this purpose, HUVECs were seeded in 6 well plates (1 × 

105 cells/well) with slides and incubated for 24 h. Then, 

the cells were pre-treated with determined concentrations 

of ECF (2, 8, and 32 µg/mL) for 24h followed by exposure 

to MET (5 mM) for another 24 h incubation. After 

incubation, the cells were fixed with 4% 

paraformaldehyde solution for 30 min. After fixation, the 

cells were washed twice and stained with AO and DAPI 

dyes (100 mg/mL) for 30 min, respectively. The slides 

were captured and analyzed with a fluorescence 

microscope (Olympus IX73, Japan). 

Statistical Analysis 

GraphPad Prism version 6.0 (La Jolla, CA) was used 

for statistical analyses, and a p < 0.05 was recognized as 

a statistically significant threshold. Two-way ANOVA 

analysis with Dunnett's and Sidak's multiple comparisons 

test was employed for multiple comparisons. The Qiagen 

software (https://www.qiagen.com/tr/shop/genes-

andpathways/data-analysis-center-overviewpage/other-

real-time-pcrprobes-orprimersdataanalysis-center/) was 

used to analyze the gene expression results. 

Results 

The Cytotoxic Effect of ECF and MET in HUVECs 

The cytotoxic effects of ECF and MET on HUVECs 

were assessed using the WST-1 viability assay. The 

results indicated that ECF treatment reduced HUVEC 

viability in a dose- and time-dependent manner 

compared to the control group (Fig. 1, Table 1, p < 

0.0001). Specifically, all tested ECF concentrations, 

except for 2 µg/mL, significantly decreased cell viability 

after 48 hours compared to the control (Fig. 1a, p < 

0.05). Based on these findings, we selected 2, 8, and 32 

µg/mL ECF concentrations as optimal for the pre-

treatment procedure.  

 

Fig. 1. Evaluation of HUVEC viability using the WST-1 assay. a. Effect of varying concentrations of ECF (2-64 µg/mL) on HUVEC 

viability, b. effect of MET at concentrations ranging from 1.25-20 mM on HUVEC viability, c. protective effects of ECF pre-treatment 

(2, 8, and 32 µg/mL for 24 h) on HUVECs exposed to MET (5 mM) for an additional 24 h. Significant differences were observed at 

**p < 0.0001. 

a. b. 

c. 

https://www.qiagen.com/tr/shop/genes-andpathways/data-analysis-center-overviewpage/other-real-time-pcrprobes-orprimersdataanalysis-center/
https://www.qiagen.com/tr/shop/genes-andpathways/data-analysis-center-overviewpage/other-real-time-pcrprobes-orprimersdataanalysis-center/
https://www.qiagen.com/tr/shop/genes-andpathways/data-analysis-center-overviewpage/other-real-time-pcrprobes-orprimersdataanalysis-center/
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Table 1. Statistical analysis results of HUVEC viability assay. Two-way ANOVA analysis with Dunnett's and Sidak's multiple 

comparisons test was used for multiple comparisons. 

ECF (µg/mL) 
Mean Differ-

ence 

95% CI of Differ-

ence 
Significant? Summary Adjusted p Value 

24h      

Control vs. 2  6.747 4.843 - 8.652 Yes **** < 0.0001 

Control vs. 4  8.968 7.063 - 10.87 Yes **** < 0.0001 

Control vs. 8 18.80 16.90 - 20.71 Yes **** < 0.0001 

Control vs. 16 28.05 26.15 - 29.96 Yes **** < 0.0001 

Control vs. 32  36.01 34.11 - 37.92 Yes **** < 0.0001 

Control vs. 64  51.83 49.92 - 53.73 Yes **** < 0.0001 

48h      

Control vs. 2  28.72 26.81 - 30.62 Yes **** < 0.0001 

Control vs. 4  52.99 51.09 - 54.90 Yes **** < 0.0001 

Control vs. 8 53.82 51.91 - 55.72 Yes **** < 0.0001 

Control vs. 16  59.97 58.06 - 61.87 Yes **** < 0.0001 

Control vs. 32  72.96 71.05 - 74.86 Yes **** < 0.0001 

Control vs. 64  78.49 76.59 - 80.40 Yes **** < 0.0001 

MET (mM) 

24h      

Control vs. 1.25  12.93 10.99 - 14.88 Yes **** < 0.0001 

Control vs. 2.5 30.92 28.98 - 32.87 Yes **** < 0.0001 

Control vs. 5 46.02 44.08 - 47.97 Yes **** < 0.0001 

Control vs. 10 55.42 53.47 - 57.36 Yes **** < 0.0001 

Control vs. 20 68.14 66.20 - 70.09 Yes **** < 0.0001 

48h      

Control vs. 1.25 38.26 36.32 - 40.21 Yes **** < 0.0001 

Control vs. 2.5 65.00 63.06 - 66.95 Yes **** < 0.0001 

Control vs. 5 61.83 59.88 - 63.77 Yes **** < 0.0001 

Control vs. 10 75.48 73.53 - 77.42 Yes **** < 0.0001 

Control vs. 20 79.10 77.15 - 81.04 Yes **** < 0.0001 

ECF (µg/mL) pre-treatment + MET (mM) 

Control vs. MET 5 23.01 21.85 - 24.18 Yes **** < 0.0001 

Control vs. MET 10 27.71 26.55 - 28.87 Yes **** < 0.0001 

Control vs. ECF 2+MET 5  4.385 3.221 - 5.550 Yes **** < 0.0001 

Control vs. ECF 8+MET 5   3.441 2.276 - 4.605 Yes **** < 0.0001 

Control vs. ECF 32+MET 5   1.753 0.5883 - 2.917 Yes ** 0.0019 

Control vs. ECF 2+MET 10 11.39 10.23 - 12.55 Yes **** < 0.0001 

Control vs. ECF 8+MET 10 10.37 9.203 - 11.53 Yes **** < 0.0001 

Control vs. ECF 32+MET 10   10.63 9.466 - 11.79 Yes **** < 0.0001 

* CI: confidence intervals. 

Similarly, MET treatment (5 and 10 mM) exhibited a 

dose-dependent reduction in HUVEC viability (Fig. 1b, p 

< 0.0001). For instance, treatment with 5 mM MET for 24 

h resulted in a cell viability of approximately 45-53% 

(Fig. 1b, p < 0.0001). This concentration was deemed 

sufficient to induce significant toxicity for further 

analysis. To evaluate the protective effects of ECF against 

MET-induced cytotoxicity in HUVECs, cells were pre-

treated with 2, 8, or 32 µg/mL ECF for 24 h before 

exposure to 5 mM MET for an additional 24 h. As 

expected, MET-alone treatment significantly decreased 

cell viability compared to the control group. However, 

ECF pre-treatment notably improved cell viability 

compared to the MET-alone group (Fig. 1c, p < 0.0001). 

In summary, these findings demonstrate that ECF pre-

treatment mitigates MET-induced cytotoxicity in 

HUVECs, thereby preserving cell viability. 

The Effect of ECF Pre-treatment after MET-induced Cell 

toxicity on ANXA5, ROS, and Gene Expression in HUVECs  

The effects of ECF pre-treatment on MET-induced 

cell toxicity in HUVECs were assessed by ANXA5 

ELISA, ROS production assays, and RT-PCR analysis 

(Fig. 2 and Table 2). The level of cell death following ECF 

pre-treatment was determined using ANXA5 ELISA (Fig. 

2a). ANXA5 is a protein that binds phosphatidylserine 

(PS), a hallmark of apoptosis, making it a reliable marker 

for detecting apoptotic cells (Crowley et al. 2016). The 

ANXA5 ELISA results revealed that ANXA5 levels 

significantly decreased following MET (5 mM) treatment 

compared to the control group (Fig. 2a, p < 0.0001). 

However, pre-treatment with ECF (2, 8, and 32 µg/mL) 

followed by MET exposure increased ANXA5 levels, 

with the most pronounced effect observed at the 2 µg/mL 

ECF concentration (Fig. 2a, p < 0.0001). In terms of 

oxidative stress, MET treatment alone resulted in a 

significant 1.8-fold increase in ROS levels compared to 

the control group (Fig. 2b, p < 0.0001). ECF pre-treatment 

at all concentrations (2, 8, and 32 µg/mL) significantly 

reduced ROS levels compared to the MET-alone 

treatment group (Fig. 2b, p < 0.0001). RT-PCR analysis 

further demonstrated that ECF pre-treatment modulated 

the expression of apoptotic and anti-apoptotic genes. 

Specifically, Bax mRNA levels were significantly 
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decreased, while BCL-2 mRNA levels were significantly 

increased, particularly in the 2 µg/mL ECF pre-treatment 

group, compared to the MET-alone group (Fig. 2c, p < 

0.0001). These findings suggest that ECF exerts a 

protective effect against MET-induced cell death and 

oxidative stress in HUVECs by modulating apoptosis to 

related pathways and reducing ROS levels. 

The Effect of ECF Pre-treatment After MET-induced 

Cell toxicity on Cell and Nuclear Morphology in HUVECs  

The effects of ECF pre-treatment on MET-induced 

cell and nuclear morphology changes in HUVECs, AO 

and DAPI stainings were performed. The staining results 

revealed a slight increase in apoptotic cell morphology 

characterized by cell shrinkage, nuclear condensation, and 

membrane blebbing following treatment with MET alone 

compared to the control group (Fig. 3). In contrast, pre-

treatment with 2 and 8 µg/mL ECF followed by MET 

exposure reduced apoptotic morphology and improved 

overall cell morphology, resembling that of the control 

group. However, pre-treatment with 32 µg/mL ECF 

followed by MET exposure did not restore apoptotic cell 

morphology to the level observed in control cells (Fig. 3). 

These findings suggest that the lowest ECF concentration 

(2 µg/mL) is the most effective in protecting HUVECs 

from MET-induced cell toxicity and preserving normal 

cell morphology.  

Table 2. Statistical analysis results of ANXA5, ROS and gene expression analysis. Two-way ANOVA analysis with Dunnett's and 

Sidak's multiple comparisons test was used for multiple comparisons. 

ANXA5 level 
Mean Differ-

ence 
95% CI of Difference Significant? Summary 

Adjusted p 

Value 

ECF (µg/mL) pre-treatment + MET (mM) 

Control vs. MET 5 5.097 5.069 - 5.124 Yes **** < 0.0001 

Control vs. ECF 2+MET 5 -5.245 (-5.272) - (-5.217) Yes **** < 0.0001 

Control vs. ECF 8+MET 5 -0.4276 (-0.4551) - (-0.4001) Yes **** < 0.0001 

Control vs. ECF 32+MET 5 6.997 6.969 - 7.024 Yes **** < 0.0001 

ROS level      

ECF (µg/mL) pre-treatment + MET (mM) 

Control vs. MET 5 -0.3925 (-0.4540) - (-0.3310) Yes **** < 0.0001 

Control vs. ECF 2+MET 5 -0.3125 (-0.3740) - (-0.2510) Yes **** < 0.0001 

Control vs. ECF 8+MET 5 -0.1825 (-0.2440) - (-0.1210) Yes **** < 0.0001 

Control vs. ECF 32+MET 5 -0.0650 (-0.1265) - (-0.003474) Yes * 0.0384 

Gene (mRNA) expression level      

ECF (µg/mL) pre-treatment + MET (mM) 

Bax      

Control vs. MET 5 0.6350 0.5582 - 0.7118 Yes **** < 0.0001 

Control vs. ECF 2+MET 5 0.6650 0.5882 - 0.7418 Yes **** < 0.0001 

Control vs. ECF 8+MET 5 0.6500 0.5732 - 0.7268 Yes **** < 0.0001 

Control vs. ECF 32+MET 5 0.5350 0.4582 - 0.6118 Yes **** < 0.0001 

BCL-2      

Control vs. MET 5 0.7850 0.7082 - 0.8618 Yes **** < 0.0001 

Control vs. ECF 2+MET 5 -2.115 (-2.192) - (-2.038) Yes **** < 0.0001 

Control vs. ECF 8+MET 5 -0.0600 -0.1368 - 0.01677 No ns 0.1311 

Control vs. ECF 32+MET 5 0.3900 0.3132 - 0.4668 Yes **** < 0.0001 

* CI: confidence intervals.  

 

Fig. 2. Effects of ECF pre-treatment on MET-induced cell toxicity in HUVECs. a. ANXA5 levels, b. relative ROS levels and c. rela-

tive gene expression levels were evaluated, c. HUVECs were pre-treated with 2, 8, and 32 µg/mL ECF for 24 hours, followed by 

exposure to MET (5 mM) for an additional 24 hours. Significant differences were observed at **p < 0.0001. 

a. b. c. 
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Fig. 3. Effects of ECF pre-treatment on cell and nuclear morphology in HUVECs following MET-induced cell toxicity, as assessed by 

AO and DAPI stainings. HUVECs were pre-treated with 2, 8, and 32 µg/mL ECF for 24 h, followed by exposure to MET (5 mM) for 

an additional 24 h. The staining highlights changes in apoptotic morphology and nuclear integrity. 

Discussion 

In this study, the in vitro protective effect of E. foetida 

coelomic fluid against MET-induced toxicity was 

determined in HUVECs. According to our findings, low 

ECF pre-treatment concentrations protect cell viability, 

preserve cell and nuclear morphology, reduce ROS 

production, and decrease apoptotic cell death against 

MET-induced toxicity. 

The biguanide drug MET is commonly used to treat 

high blood sugar in people with type 2 diabetes mellitus, 

despite its well-known toxicity and side effects 

(Hasanvand et al. 2016). In addition to its beneficial 

effects on heart failure, MET therapy has positive effects 

on the organisms oxidative stress activities and lowers 

endotoxemia and improves insulin signaling pathways in 

animals (Ghosh 2017). Furthermore, it exhibits a number 

of characteristics that make MET appealing for 

repurposing as an anti-cancer treatment, including 

melanoma and pancreatic cancer cells (Romero et al. 

2017). Interestingly, our findings showed that ROS 

generation levels were particularly high in the MET alone 

treated group but were much lower in the cells pre-treated 

with the ECF group. Additionally, ANXA5 levels, as an 

apoptotic marker of the cells, did not exhibit higher 

differences among the ECF pre-treatment and MET alone 

treated groups. In one study, the preventive and curative 

effects of garlic and MET combination were evaluated on 

Gentamicin (GM) induced tubular toxicity in Wistar rats 
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and the results demonstrated that MET and garlic 

combination have curative and protective activity against 

GM nephrotoxicity (Rafieian-Kopaei et al. 2013). These 

results and studies referred so far demonstrate that MET 

maintains its own protective and beneficial features, 

although a cytotoxic dose damage model was created for 

MET in the current study. However, in our findings, it is 

very clear that ECF has the potential to exert a protective 

effect when MET has a therapeutic dose-related adverse 

event. In this case, the presence of MET suggests that the 

protective effect of ECF as a pre-treatment increases, 

although not very much.  

MET side effects include gastrointestinal disorders, 

vitamin B12 deficiency, and hemolytic anemia. Although 

metformin offers many advantages such as being 

effective, affordable, and widely available, its use is often 

limited by kidney function issues commonly observed in 

individuals with type 2 diabetes mellitus. Decreased renal 

function increases the risk of lactic acidosis, a dangerous 

condition. Although MALA is the lowest, the probability 

of growth with MALA is high (Bennis et al. 2020). 

Excessive lactate production, inadequate lactate 

clearance, or both can cause lactic acidosis. The most 

common cause of excessive lactate production is the 

switch from aerobic to anaerobic glucose metabolism in 

hypoxic environments (Adeva-Andany et al. 2014). It is 

still unclear how MET may accelerate lactic acidosis, but 

one theory is that it may do so by inhibiting mitochondrial 

respiratory chain complex 1, the first enzyme in the 

mitochondrial electron transport chain (Fontaine 2018, 

Vial et al. 2019). MALA may also occur as a result of 

mitochondrial glycerophosphate dehydrogenase 

(mGPDH). Maintenance of toxicity should include 

additional therapies such as extracorporeal techniques and 

metabolic rescue to reduce MET body loss (Wang & 

Hoyte 2019). Considering the antioxidant and 

cytoprotective properties of ECF and the data obtained 

from the current study, ECF is thought to reduce MET-

induced toxicity by alleviating the risk of lactic acidosis. 

The literature states that many compounds with 

potential protective effects have been investigated in 

relation to various cell types (Vargas et al. 2014, Shi et al. 

2021). Vargas et al. (2014) assessed how different 

amounts of vitamin E alpha-tocopherol (α-T) isomer 

protected dental pulp cells from hydrogen peroxide 

(H2O2) damage and they found that the pulp cells of the 

immortalized MDPC-23 were protected from the negative 

effects of H2O2.  Shi et al. (2021) found that pre-treatment 

with Cryptotanshinone (CTS) may enhance cell survival 

and promote the expression of the Bcl-2 anti-apoptotic 

gene in neonatal rat cardiomyocytes. Furthermore, CTS 

may stop H2O2-induced NO synthesis and stop the 

production of ROS and MDA (Shi et al. 2021). Our 

findings are in line with previous research; as the 

concentration of ECF pre-treatment increased, oxidative 

damage from MET-induced toxicity decreased, free 

ANXA5 protein levels were reduced, and anti-apoptotic 

Bcl-2 mRNA expression was enhanced. Additionally, AO 

and DAPI staining demonstrated that these findings were 

supported.  In a previous study, we demonstrated how 

ECF impacted the molecular level of oxidative damage in 

MCFto7 cells produced by the chemotherapeutic agent 

NaBu, which is used to treat breast cancer (Ozkan et al. 

2022). Our findings that ECF may be a potential therapeutic 

and supportive molecule with fewer side effects in cancer 

treatment and reduce the side effects of treatment in the 

future are consistent with this study's finding that ECF pre-

treatment against NaBu-induced toxicity significantly 

reduced the amount of ROS production.  

The findings of our study are preliminary and have 

limitations. More detailed molecular analyses are needed 

to show that MET toxicity is reduced by ECF. In 

particular, mitochondrial function and lactate production 

analysis should be performed by selecting cells that are 

sensitive to the effects of MET, such as liver or kidney 

cell lines. After cell culture experiments, the effect of ECF 

on MET-induced lactic acidosis should be tested in in vivo 

models. In conclusion, both the data we obtained and the 

methods we suggested can help us understand the 

potential protective effects of ECF on MET-induced lactic 

acidosis at the molecular, cellular and systemic levels. In 

this sense, these preliminary in vitro findings we obtained 

showed that ECF has great additional treatment potential. 

Considering the limitations of the study, future studies 

should focus more on in vivo validation, mechanistic 

analyses and long-term safety assessments. 
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Abstract: This study examined in vivo effects of 2,2’,4,4’,5-pentabromodiphenyl ether 

(BDE-99) on the liver of Wistar Albino rats (250-300 gr) in doses of 0.05 mg/kg and 0.1 

mg/kg for ten days by gavage. Our objective was to investigate the effects of BDE-99 on the 

apoptotic process in the liver. Previous studies have shown that BDE-99 causes accumulation 

and oxidative damage in various tissues, especially the liver. Although the primary 

mechanism of BDE-99 toxicity is known to involve oxidative stress, limited information is 

available on its specific impact on apoptosis. Therefore, immunoreactivity of Proliferating 

Cell Nuclear Antigen (PCNA), Vimentin and Topoisomeraz2A (TOP2A) and 

Topoisomeraz2B (TOP2B) and Terminal deoxynucleotidyl transferase dUTP Nick End 

Labeling (TUNEL) were determined in the liver. Superoxide dismutase (SOD), Glutathione 

peroxidase (GPX) and Catalase (CAT) activities were measured in the liver. qRT-PCR 

analyses for the p53, Bax, Bcl-2, PCNA and Vimentin genes were carried out from paraffin-

embedded liver tissues. Cell membrane damage, hypertrophy, endothelial injury, 

mononuclear cell infiltration in the liver were determined by Hematoxylin & Eosin. 

Immunoreactivity of TUNEL, Vimentin, TOP2A and TOP2B increased in both doses, but 

immunoreactivity of PCNA significantly increased only 0.1 mg/kg BDE-99 dose (p < 0.05). 

SOD and GPX activities increased but CAT activity decreased significantly (p < 0.05) in the 

liver. Bax, Bcl-2, PCNA, Vimentin gene expressions increased in a dose-dependent manner 

and p53 expression increased only in 0.1 mg/kg BDE-99. In conclusion, our results point out 

BDE-99 inducing apoptosis of the intrinsic mitochondrial pathway in rat liver and indicate 

that exposure to BDE-99 is possible to be a potential risk factor for liver diseases.        

Özet: Bu çalışmada 2,2',4,4',5-pentabromodifenil eter (BDE-99), 0,05 mg/kg ve 0,1 mg/kg 

dozlarıyla Wistar Albino (250-300 gr) sıçanlara on gün boyunca gavaj yoluyla uygulandı ve 

karaciğer üzerine in vivo etkileri araştırıldı. Amacımız BDE-99'un karaciğerdeki apoptotik 

süreç üzerindeki etkilerini araştırmaktı. Önceki çalışmalar BDE-99'un çeşitli dokularda 

birikime ve oksidatif hasara neden olduğunu göstermiştir. BDE-99 toksisitesinin birincil 

mekanizmasının oksidatif stresi içerdiği bilinse de apoptozis üzerindeki spesifik etkisi 

hakkında sınırlı bilgi mevcuttur. Bu nedenle, karaciğerde Proliferating Cell Nuclear Antigen 

(PCNA), Vimentin ve Topoizomeraz2A (TOP2A) ve Topoizomeraz2B (TOP2B)'nin ve 

Terminal deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL) ile 

immünoreaktivitesi belirlendi. Karaciğerde Süperoksit dismutaz (SOD), Glutatyon 

peroksidaz (GPX) ve Katalaz (CAT) aktivitesi ölçüldü. Parafine gömülmüş karaciğer 

dokularından izole edilen total RNA kullanılarak sentezlenen cDNA örneklerinde, p53, Bax, 

Bcl-2, PCNA ve Vimentin genlerine yönelik qRT-PCR analizleri yapıldı. Karaciğerde hücre 

zarı hasarı, hipertrofi, endotel hasarı, mononükleer hücre infiltrasyonu Hematoksilen & Eozin 

boyama ile belirlendi. TUNEL, Vimentin, TOP2A ve TOP2B'nin immünreaktivitesi her iki 

dozda da arttı, ancak PCNA'nın immünreaktivitesi yalnızca 0,1 mg/kg BDE-99 dozunda 

anlamlı düzeyde arttı (p < 0.05). Karaciğerde SOD ve GPX aktiviteleri arttı ancak CAT 

aktivitesi anlamlı düzeyde azaldı (p < 0.05). Bax, Bcl-2, PCNA, Vimentin gen ekspresyonu 

doza bağlı olarak artarken, p53 ekspresyonu sadece 0,1 mg/kg BDE-99 dozunda arttı. Sonuç 

olarak, bulgularımız sıçan karaciğerinde BDE-99'un intrinsik mitokondriyal yolda apoptozu 

indüklediğine işaret etmekte ve BDE-99'a maruz kalmanın karaciğer hastalıkları için 

potansiyel bir risk faktörü olabileceğini göstermektedir.   
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Introduction

Polybrominated diphenyl ethers (PBDEs) have been 

used commercially as a flame retardant on a global scale 

since 1970 (Alaee et al. 2003, Albina et al. 2010). While 

the main source of PBDEs is exposure to seafood, air, 

water, household waste and domestic dust, the most 

important way of intake is nutrition (Hooper & McDonald 

2000, Bakker et al. 2008). Accumulation of 2.2’,4.4’,5-

pentabromodiphenyl ether (BDE-99), a derivative of 

PBDE, is more common in liver and adipose tissues 

compared to other PBDEs (Guvenius et al. 2001). The 

deposition sites of BDE-99, a well-absorbed brominated 

flame retardant species and the second most abundant 

congener, were reported to be the lipophilic tissues 

(Birnbaum & Staskal 2004, Johnson-Restrepo et al. 2005). 

In a study with mouse and human preadipocyte, BDE-99 

administration was shown to led to increased lipid 

accumulation. BDE-99 induced differentiation and lipid 

accumulation in undifferentiated preadipocytes (Armstrong 

et al. 2020). In a study on rats where a mixture of BDE-47 

and BDE-99 was used, isoproterenol-induced lipolysis 

increased and altered insulin signaling (Hoppe & Carey 

2007). Furthermore, tissue disposition and toxicokinetics of 

PBDEs, especially BDE-99 and BDE-47, were pointed out 

as risk factors for human health (Darnerud et al. 2001, Hakk 

et al. 2002, Staskal et al. 2006). 

PBDE-induced hypertrophy and vacuolization in 

hepatocytes and increased liver weight were reported to 

occur in rats and mice after oral exposure (Dunnick & 

Nyska 2009). Histological examination of kidneys of 

adult mice showed that BDE-99 caused phagolysosomes 

in kidney (Chen et al. 2006, Albina et al. 2010). BDE-99 

decreased Catalase (CAT) activity significantly but 

Superoxide dismutase (SOD) and Glutathione peroxidase 

(GPX) activities increased in liver of adult male mice after 

exposure for 45 days by gavage (Albina et al. 2010). 

BDE-99 decreased glutathione (GSH) and increased 

oxidized glutathione (GSSG) and GSSG/GSH levels in 

liver and radicalic damage was described as potential 

mechanism for hepatotoxicity by acute oral 

administration of BDE-99 (Albina et al. 2010). BDE-99 

decreased testicular weight and sperm count at high doses 

in male rats (Kuriyama et al. 2005). Wang et al. (2015) 

reported, in their study investigating tumorigenesis, that 

BDE-99 may cause metastasis in cancer cell line via the 

PI3K/AKT/Snail pathway.  

The consideration of results of the available studies 

shows that little is known about the mechanism of toxicity 

of BDE-99. One of the suggested toxicity mechanisms is 

the increase of reactive oxygen species (ROS) that can 

affect liver and kidney (Albina et al. 2010). There are 

limited published studies on the effect of BDE-99 on the 

apoptotic process, and all these studies are in vitro studies. 

Madia et al. (2004) defined the apoptotic properties of 

BDE-99 at immunohistochemical level through Terminal 

deoxynucleotidyl transferase dUTP Nick End Labeling 

(TUNEL) Hoechst 33258 and p53. Souza et al. (2013) 

showed that a high dose (25 µM) of BDE-99 caused 

apoptosis in HepG2 cells. Wu et al. (2023) reported that 

BDE-99 induced spermatogenic cell apoptosis in GC-1 

spg cell line. In the studies investigating the toxic effects 

of BDE-99, the main focus has been on the mechanism of 

this effect without sufficient explanation, especially on 

the triggering of the apoptotic process and the expression 

of related genes. The fact that the apoptotic properties of 

BDE-99 have not been demonstrated by in vivo studies 

also points to a gap in this regard. For this reason, this is 

the first in vivo study explaining the toxic effect 

mechanism of BDE-99 on apoptotic markers in rat liver. 

We aimed to reveal the effect of BDE-99 in vivo on the 

apoptotic process and expression of the related genes p53, 

Bax, Bcl-2, Proliferating Cell Nuclear Antigen (PCNA), 

Topoizomeraz2A (TOP2A), Topoizomeraz2B (TOP2B) 

and Vimentin in liver as a main detoxification organ. 

Materials and Methods 

Animals and the experimental protocol 

Twenty-four adult male Wistar albino rats (250-300 g) 

obtained from the Trakya University Experimental 

Animal Research Unit were used in the study. The rats 

were kept under controlled conditions (22±10°C, 12 h 

light/dark cycle) during the experimental period and fed 

with drinking water and pellet feed containing 21% crude 

protein. Animals were divided into three random groups 

(n=8 for each). The animals of one of the two 

experimental groups were fed with 0.05 mg/kg body 

weight BDE-99 (Cas No: 60348-60-9 Sigma-Aldrich) 

dissolved in corn oil by gavage, and those of the other 

group was fed 0.1 mg/kg body weight BDE-99 dissolved 

in corn oil by gavage (1-1.5 ml dose volume). These doses 

are lower than the 0.6 and 1.2 mg/kg body weight doses 

used by Albina et al. (2010), which are the lowest in vivo 

doses previously tested. The control group was given only 

the same volume of corn oil orally. The design of the 

study and the experimental procedures were approved by 

the Ethical Committee of Trakya University (Protocol 

number: 2016/48). 

Histopathological examination 

After 10 days of the experiment, liver tissue samples 

were harvested by anaesthesia with Rompun (2%, Bayer) 

and Ketasol (10%, Richterpharma) for histopathological 

examination. The samples were fixed with formalin 

(10%) for 24 hours for light microscopy and embedded in 

paraffin. Sections (5 µm) were stained with Hematoxylin 

& Eosin (H&E).  

Immunohistochemistry (IHC)  

For avidin and biotinylated enzyme complex (ABC) 

method, firstly, liver sections (5µm) were kept in xylene 

for deparaffinization and rehydrated by series of ethanol. 

Then antigen retrieval was performed in citrate buffer 

(pH: 6.0) for 45 min using an IHC evaporating bath (IHC 

World, Woodstock, MD). After cooling to room 

temperature for 20 min, they were applied in 3% hydrogen 

peroxide (H2O2) and methanol for 5 min and treated twice 
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with phosphate-buffered saline (PBS) and once with PBS 

that contained 0.1% Tween-20 (PBS-T). Ultra V block 

(Thermo Scientific, Waltham, MA) was applied to each 

slide for 5 min in a humidified chamber (Bakar et al. 

2015b). The sections were treated with anti-PCNA 

(1:500) (NB500-106/Novus), anti-Vimentin (1:100) 

(NBP1-31327/Novus), anti-TOP2A (1:100) (NBP2-

67442/Novus) and anti-TOP2B (1:100) (NBP1-

89527/Novus) as a primary antibody at room temperature 

for 1 hour and overnight at +4oC. After washing three 

times for 5 min each time with PBS, they were treated 

with biotinylated goat anti-polyvalent (ab7481, Abcam) 

for 10 min and washed four times in buffer. Streptavidin 

peroxidase was then applied for 10 min at room 

temperature. The slides were washed with PBS and with 

PBS-T. After washing, the sections were stained with 

DAB (Vector SK-4100, Vector Laboratories, 

Peterborough, UK) and then Mayer’s Hematoxylin 

(Sigma, Aldrich). Immunohistochemical analysis was 

performed by systematic random samplings in each group 

using ten cross-sectional areas and five slides. For the 

evaluation of immunoreactivity of PCNA, the 

proliferation index was calculated by counting the (+) 

cells in an average of 1000 cells in 5 different areas in the 

sections of 8 subjects belonging to each group. Positive 

cells of Vimentin, TOP2A and TOP2B were counted in 5 

different fields and their immunoreactivity was scored 

between 1 (+) and 5 (+) at most. All scoring was done by 

a randomized selection of microscopic fields and a 

double-blind by two researchers, the mean of which was 

used for statistical analysis. 

In situ detection of apoptotic cells (TUNEL) 

Liver sections (5 µm) were taken on poly-L-lysine-

coated slides (Sigma, PO425-72EA). Apoptotic liver cells 

were detected with the TUNEL method 

(ApopTaqPeroxidase In Situ Apoptosis Detection Kit; 

S7101-KIT, Millipore) following the manufacturer’s 

instructions. Rodent mammary gland sections and distilled 

water were used as the positive and the negative controls, 

respectively. Ten randomly selected fields under the light 

microscope were evaluated for each animal of the groups 

and the apoptotic cells were determined by their intense 

brown nuclear staining. The average of apoptotic cell 

numbers per liver sample and standard deviation (SD) were 

expressed as the score of TUNEL (Bakar et al. 2015a). 

Quantitative Real Time Polymerase Chain Reaction 

(qRT-PCR) 

Changes in expression levels of p53, Bax, Bcl-2, 

PCNA and Vimentin genes were determined by using 

qRT-PCR. For this purpose, firstly total RNA was isolated 

from paraffin embedded tissue samples using the High 

Pure FFPET RNA Isolation Kit (Roche, Cat No: 06 

650775001) as recommended by the manufacturer. 

Complementary DNA (cDNA) synthesis was performed 

using the Transcriptor First Strand cDNA synthesis Kit 

(Roche, Cat No. 04896866001) using random hexamers 

according to the manufacturer's instructions. The obtained 

cDNA samples were stored at -20°C until the time to be 

used as a template in qRT-PCR. qRT-PCR was performed 

with ABI Step One Plus (Thermo Pico) thermal cycler. 

The sequences of the primers used in the study are shown 

in Table 1. Amplifications of the PCR products were 

monitored via SYBR Green I dye which is an intercalator-

based method. qRT-PCR mix was prepared with 5 μl 

cDNA, 12.5 μl SYBR Green 2X master mix, 1 μl forward 

and reverse primers (10 pmol/μl) and 6.5 μl ddH2O in 25 

μl total reaction volume. The cycling program consisted 

of an initial denaturation at 95°C for 10 min, followed by 

50 cycles of 95°C for 15 s, 60°C for 1 min, 60°C for 1 min 

for all genes. The specificity of the primers used in PCR 

was confirmed by melting curve analysis during qRT-

PCR as well as optimization studies. Expression levels of 

the target genes were normalized using the internal gene 

GAPDH and compared with the data obtained from the 

control group according to the 2-∆∆CT method (Livak & 

Schmittgen 2001). 

Antioxidant enzyme assay (SOD, GPX and CAT) 

The liver samples were washed with saline and placed 

in deep freezer for storage at -80°C for the biochemical 

parameters by the time the assay is performed. The liver 

samples (0.5 g) were homogenized with phosphate buffer 

[0.05 M, pH: 7.0, containing 1% (g/mL) Triton X-100]. 

The extracted volume was centrifuged at 12,000 g at +4oC 

for 20 min and the supernatant was assayed for SOD, GPX 

and CAT activities. The SOD and GPX activities were 

monitored by a spectrophotometer (Schimadzu UV-VIS) 

at 37oC by the Ransod SD 125 kit (Randox) (Arthur & 

Boyne 1985, Bakar et al. 2015b) and Ransel RS 505 kit 

(Randox), respectively (Kraus & Ganther 1980, Topcu-

Tarladacalisir et al. 2013, Bakar et al. 2015b). CAT 

activity was determined by measuring decomposed 1 

µmol H2O2 per minute at 37oC according to Aebi (1974) 

(Aebi 1974) One-unit SOD activity was defined as the 

amount of enzyme that causes a 50% inhibition of the rate 

of reduction of 2-(4-iodophenyl)-3-(nitrophenol)-5-

phenyltetrazolium chloride. One-unit GPX activity was 

defined as the amount of enzyme that oxidized 1 µmol 

NADPH to NADP in 1 min. 

Table 1. Primary sequences of the target genes and the internal 

gene. 

Target 

genes 
Primary sequences (5’ → 3’) References 

p53 
CACAGTCGGATATGAGCATC  

GTCGTCCAGATACTCAGCAT 

 (Zaragoza et 

al. 2003) 

Bax 
GACACCTGAGCTGACCTTGG  

GAGGAAGTCCAGTGTCCAGC 

 (Die et al. 

2019) 

Bcl2 
GGGATGCCTTTGTGGAACTA  

CTCACTTGTGGCCCAGGTAT 

 (Die et al. 

2019) 

Vimentin 

CGTACGTCAGCAATATGAAAG

TGTGTCAGAGAGGTCAGCAAA

CTTGGA 

 (Dong et al. 

2014) 

PCNA 
GGTGCTTGGCGGGAGC  

ATCGCTTGAGCCCAGAAGT 

 (Moldovan et 

al. 2007) 

GAPDH 
GCATCTTCTTGTGCAGTGCC  

GATGGTGATGGGTTTCCCGT 

 (Potmesil et 

al. 1988) 
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One-unit CAT was defined as the amount of enzyme 

that decomposed 1 µmol H2O2 per minute at 37oC and pH: 

7.0. The amount of total protein was measured according to 

Lowry (Lowry et al. 1951). All enzyme activities were 

presented as U/mg protein. 

Statistical analysis 

 All data from body weight, immunohistochemical 

analysis, antioxidant enzyme activities, TUNEL assay and 

relative expression levels of target genes are expressed as 

the mean±standard deviation (SD). Non-normally 

distributed groups (body weights, all immunohistochemical 

scoring) were tested with the Kruskal-Wallis test and 

enzyme activities was tested Mann-Whitney U test for 

comparison between two groups. Student-t test was 

performed to determine changes in relative expression 

levels of target genes between the experimental groups and 

the control group. SPSS 16 for Windows (IBM SPSS Inc., 

Chicago, IL, USA) software was used for statistical 

analyses. The results were considered statistically 

significant when p < 0.05. 

Results 

The conditions of the animals were checked every day 

during the experiment period before the administration. 

No injuries to the bodies of the animals or any 

deterioration in their general condition were observed 

during the experiment. The initial number of subjects was 

maintained because there was no animal death. The body 

weights of the animals before and after the experiment are 

presented in Table 2 as mean± SD in all groups (n=8). 

Body weight increased significantly in both the 0.05 

mg/kg and the 0.1 mg/kg BDE-99 groups compared to the 

control group. 

Histophatology of the liver 

The general histological structure of the tissue was 

preserved in the liver of the control group (Fig. 1a) and 

the degenerative changes consisted in the liver of the 

experimental groups (0.05 mg/kg BDE-99 and 0.1 mg/kg 

BDE-99). 

Table 2. The body weights of the animals before and after the 

experiment are presented as mean±SD in all groups (n=8).  

 
Body weight 

(before) ± SD 

Body weight 

(after) ± SD 

Control group 265.20 ± 9.23 266.50 ± 12.10 

0.05 mg/kg BDE-

99 
265.11 ± 16.22 283.12 ± 14.21 a 

0.10 mg/kg BDE-

99 
266.50 ± 14.84 287.00 ± 10.12 a 

a indicates statistical significance compared with the control group, 

p < 0.05. 

Irregularity in hepatocyte cords was observed in the 

0.05 mg/kg BDE-99 group. Loss of integrity as a result of 

endothelial damage in the veins and mononuclear cell 

infiltration around the veins in small areas were 

determined (Fig. 1b). Hypertrophic hepatocytes and 

cytoplasm loss in hepatocytes were observed throughout 

the liver tissue in the 0.1 mg/kg BDE-99 group. Damaged 

hepatocyte membranes and cytoplasm loss around the 

nucleus of hepatocytes occurred. In addition, 

mononuclear cell infiltration around the veins more than 

the low dose of BDE-99 was determined (Fig. 1c). 

In situ detection of apoptotic cells (TUNEL)  

TUNEL results showed that apoptosis increased 

significantly in a dose-dependent manner in both doses of 

BDE-99 in the liver (Fig. 2). 

Immunohistochemistry of the liver (IHC) 

IHC staining was performed and scored to determine 

PCNA, Vimentin, TOP2A and TOP2B for 

immunoreactivity in the liver (Figs 3-4). 

Immunoreactivity of PCNA and TOP2B increased 

significantly only 0.1 mg/kg BDE-99 group when 

compared with the control group. Vimentin and TOP2A 

increased significantly in a dose-dependent manner in 

both doses of BDE-99 (Fig. 4).  

 

Fig. 1. Histopathology of liver (H&E staining) a. Control group; V: central vein, b. 0.05 mg/kg BDE-99 group; V: central vein, loss of 

integrity around central vein, arrow: irregularity in hepatocyte cords, and endothelial damage in the vein, c. 0.1 mg/kg BDE-99 group, 

h: hypertrophic hepatocytes and cytoplasm loss around the nucleus, arrows: mononuclear cell infiltration around the vein and loss of 

integrity in hepatocyte cords. Scale bar represents 40 µm. 
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Fig. 2. TUNEL of liver. a. Control group, b. 0.05 mg/kg BDE-99 group, brown stained nuclei are indication of apoptotic cells, c. 0.1 

mg/kg BDE-99 group, brown stained nuclei are indication of apoptotic cells. Scale bar represents 40 µm. Apoptotic index of liver (%) 

by TUNEL. Values are presented as the mean±SD, and n=8 for all groups.  
d indicates statistical significance compared with the control group. e indicates significance compared with the 0.5 mg/kg BDE-99 group, p < 0.05. 

 

Fig. 3. Immunohistochemical (IHC) evaluation of liver. a. Control group, b. 0.05 mg/kg BDE-99 group, c. 0.1 mg/kg BDE-99 group. 

Line 1: PCNA, brown stained nuclei are indication of PCNA+ cells. Line 2: Vimentin, brown stained nuclei are indication of Vimentin+ 

cells. Line 3: TOP2A, brown stained nuclei are indication of TOP2A+ cells. Line 4: TOP2B, brown stained nuclei are indication of 

TOP2B+ cells. Scale bar represents 40 µm. 
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Fig. 4. IHC scores of Vimentin, TOP2A, TOP2B and PCNA in 

the liver. Values are presented as the mean±SD, and n=8 for all 

groups.  
a indicates statistical significance compared with the control group.                 
b indicates significance compared with the 0.5 mg/kg BDE-99 group, p 

< 0.05. 

Quantitative Real Time Polymerase Chain Reaction 

(qRT-PCR) 

Gene expressions of Bax (6.3 fold), Bcl2 (5.7 fold), 

PCNA (6.95 fold) and Vimentin (34.35 fold) significantly 

increased in 0.05 mg/kg and Bax (4.33 fold), Bcl2 (6.25 

fold), PCNA (25 fold) and Vimentin (48.95 fold) in 0.1 

mg/kg BDE-99 groups, but p53 gene expression 

significantly increased (4.74 fold) only in the 0.1 mg/kg 

group (Fig. 5). 

 

 

Fig. 5. Gene expressions in the liver. a. Bax, Bcl2, p53, GAPDH, 

b. vimentin and PCNA. Columns represent relative fold changes 

in mRNA expression of target genes normalized by GAPDH and 

mean±SD. 
c represents statistically significant compared with the control group (p 
<0.05). 

Antioxidant enzyme assay (SOD, GPX and CAT) 

SOD and GPX activity increased significantly in both 

the 0.05 mg/kg and the 0.1 mg/kg BDE-99 groups but 

CAT activity decreased significantly only in 0.1 mg/kg 

BDE-99 group compared to the control group (Fig. 6). 

 

Fig. 6. SOD, GPX and CAT activities in the liver. Results were 

expressed as mean±SD.  
a represents statistically significant compared with the control group (p 
<0.05). 

Discussion 

BDE-99 toxicity is important in human health because 

of its widespread use in many areas. In a risk assessment 

study, it was stated that long-term exposure to BDE-99 is 

significant in terms of reproductive toxicity (Bakker et al. 

2008). Die et al. (2019) reported that PBDE emissions and 

risks are lower in modern, recycling facilities but pointed 

out that the effectiveness of pollution controls in other areas 

needs to be investigated further (Die et al. 2019). Dong et 

al. (2014) showed that waste of electrical and electronic 

equipment recycling contributed 52% of the PBDEs 

concentration in the surrounding agricultural soils (Dong et 

al. 2014). Although significant accumulation of BDE in 

lipophilic tissues and toxic effects in many tissues such as 

liver, kidney and reproductive systems have been described 

(Kuriyama et al. 2005, Bakker et al. 2008, Albina et al. 

2010, Armstrong et al. 2020), the knowledge about the 

toxicity mechanism of BDE-99 is limited. In previous 

studies, ROS formation and related cellular degenerations 

were defined as the main toxicity mechanism for BDE-99, 

but there are also recent studies showing that apoptosis is 

induced by BDE-99. However, these are all in vitro studies 

and there is no study investigating the effect of BDE-99 on 

apoptosis in vivo in rats. Therefore, in the present study, we 

aimed to reveal the effect of BDE-99 primarily on the 

apoptotic process in the liver in addition to its 

histopathological examination and the presence of ROS 

with changes in key antioxidant enzyme activities.  

BDE-99 damaged the general integrity of the liver 

tissue of the experimental animals, and significant lacking 

of cytoplasm and hypertrophy were observed in 

hepatocytes in liver as revealed by staining with H&E 

(Fig. 1). Similarly, it was reported that histopathological 

a 

b 
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effects occurred in the liver in the acute oral 

administration of BDE-99 (Albina et al. 2010) increase 

liver weights and lesions were observed in the liver after 

treatment of BDE-99 (Dunnick & Nyska 2009). We 

believe that the increase in animal weights observed in 

this study is consistent with widespread hypertrophic 

change in the liver. 

We determined that apoptosis increased in a dose-

dependent manner in liver by TUNEL immunoreactivity 

(Fig. 2). Madia et al. (2004) defined the apoptotic 

properties of BDE-99 at immunohistochemical level via 

TUNEL, Hoechst 33258 and p53. Similarly, Souza et al. 

(2013) showed that a high dose (25 µM) of BDE-99 

caused apoptosis in HepG2 cells. Wu et al. (2023) 

reported that BDE-99 induced spermatogenic cell 

apoptosis in GC-1 spg cell line by staining with Annexin 

V and count by flow cytometry. Our TUNEL results 

confirm that apoptosis is triggered in liver by the effect of 

BDE-99 in line with the in vitro studies mentioned above.  

In the present study, PCNA immunoreactivity (Figs 3-

4) and gene expression (Fig. 5) increased significantly in 

a dose-dependent manner in liver. PCNA, an important 

moderator of many functions in the DNA replication fork 

(Moldovan et al. 2007) indicates preparation for the 

increased mitotic activity for the repair of damaged liver 

tissue. We have not found any studies on how PCNA 

changes with the effect of BDE-99. Therefore, we think 

that this change is an adaptive response to the toxic effect 

of BDE-99. 

Topoisomerase 2 is an enzyme that cuts two strands of 

DNA simultaneously and catalyses their reconnection, 

reducing the tension of the double strand of DNA. In this 

way, the effect of the rotation created by the helicase on 

DNA is prevented (Potmesil et al. 1988). Therefore, in 

cases where gene expression is increased, it is a normal 

physiological state to increase Topoisomeraz 2 

expression. In our study, TOP2A immunoreactivity 

increased significantly in the liver at both doses, but 

TOP2B immunoreactivity increased only at the dose of 

0.1 mg/kg (Figs 3-4). These changes observed in TOP2A 

and TOP2B immunoreactivity are also consistent with 

increased PCNA and TUNEL immunoreactivity in the 

liver. It is possible that the increased PCNA, TOP2A, and 

TOP2B immunoreactivity signifies an adaptive 

proliferative response to BDE-99-induced cellular 

damage. It seems that while cellular damage occurs by 

induced apoptosis, the markers of the restoration process 

are activated in the liver tissue. 

Expression of p53 in the liver increased only at the 

dose of 0.1 mg/kg, and the expressions of Bax and Bcl-2 

increased significantly at both doses (Fig. 5). p53 is a 

central protein that responds to numerous cellular stress 

signals (Vaseva et al. 2012) and can be activated by 

hypoxia and oxidative stress. Activation of p53 results in 

cell cycle arrest, followed by DNA repair or induced 

apoptosis in various ways (Gudkov & Komarova 2010, 

Pflaum et al. 2014). One of these pathways to apoptosis is 

the intrinsic mitochondrial pathway and proceeds via the 

Bcl-2 family, cytochrome c and caspases. In our study, we 

believe that the accumulation of p53 in the cytosol triggers 

the pro-apoptotic Bcl-2 proteins and the Bax protein 

directly, stimulating the cell to apoptosis. Consistent with 

the TUNEL results, the parallel increase in expressions of 

p53, Bax and Bcl-2 shows that the apoptotic process was 

triggered by the effect of BDE-99 in the liver (Fig. 5). 

Similarly, Wu et al. (2023) reported that PBDE-99 caused 

the formation of ROS, triggered autophagy and 

spermatogenic apoptosis in their studies examining the 

long-term effects of prenatal exposure on spermatogenic 

injuries. They showed that Bax, a pro-apoptotic protein, 

expression increased while Bcl-2 protein, anti-apoptotic 

protein, was slightly reduced due to BDE-99 toxicity with 

the other related genes. Our study determined that Bax 

gene expression and Bcl2 gene expression increased 

simultaneously. We observed that Bcl2 increased in a way 

contrary to Wu et al. (2023). When this increase in Bcl2 

was evaluated with the increase in the p53 gene and 

TUNEL findings, we think that it occurs competitively 

with Bax and liver cells enter the intrinsic mitochondrial 

apoptotic pathway depending on the Bax/Bcl2 ratio. Yang 

et al. (2022) reported that induced oxidative stress, 

histopathological changes, DNA fragmentation, cell 

proliferation and apoptosis were observed in their study 

investigating the toxicity of BDE-47, the second most 

common type of PBDEs.  

Wang et al. (2018) reported that apoptotic cells 

increased significantly in the brain of zebrafish (Danio 

rerio) embryos by early life exposure to BDE-47. Hou et 

al. (2019) showed that BDE-209, another toxic flame 

retardant, can induce apoptosis of vascular endothelial 

cells by increasing ROS production and induced ER 

stress. Consistently, the findings of our study are in line 

with other studies in which BDE-99 and/or some of its 

congeners have been reported to induce apoptosis. 

Vimentin immunoreactivity and gene expression 

increased in the liver at both doses (Figs 4-5). The 

increase in both gene expression and the cytoplasmic 

amount of Vimentin protein in the liver, which is an 

essential component of the cytoskeleton, can be 

considered a sign of intracellular rearrangements. In light 

of these findings, it seems that this is accompanied by a 

rearrangement of the cytoskeleton, which is a cellular part 

of both the apoptotic process and the process of 

restoration by mitosis.  

When we examine the changes in the activities of 

SOD, GPX and CAT, which are the key antioxidant 

enzymes (Fig. 6), we think that ROS-induced stress 

occurs in the liver, as indicated by the increase in SOD 

and GPX activities. The decrease in CAT activity also 

suggests that there may be a deficiency in the removal of 

H2O2 via peroxisomes, but a cellular response is 

effectuated with GPX to H2O2 in the cytosol. It has been 

stated in previous studies that BDE-99 causes oxidative 

damage (Albina et al. 2010) and it has been accepted as 

the main toxicity mechanism. 
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In conclusion, our findings display BDE-99 inducing 

apoptosis via the intrinsic mitochondrial pathway in the 

rat liver. We think that this study, in which we have shown 

in vivo that this pathway is triggered in the p53, Bax and 

Bcl-2 axis, will contribute to regarding studies on the 

subject in detail. We report that BDE-99, as a flame 

retardant species which humans are increasingly exposed 

to, is a potential risk factor for liver diseases. 
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Abstract: Osteosarcoma, a cancer predominantly affecting children and teenagers, has shown 

limited improvements in long-term survival rates despite advances in treatment, necessitating new 

therapeutic approaches. Natural compounds, particularly flavonoids, are being investigated for their 

anti-cancer properties due to their ability to modulate signaling pathways and induce apoptosis in 

cancer cells. This study evaluates the anti-carcinogenic effects of 6,3'-dimethoxy flavonol on MG-

63 osteosarcoma cells, a p53-null model suitable for testing novel therapies, using various assays. 

Cell viability and proliferation were measured via MTT assay, showing dose dependent inhibition 

with an IC50 of 221.017 µg/ml at 48 hours. Phase-contrast microscopy revealed morphological 

changes consistent with apoptosis, including cell shrinkage, reduced density and cytoplasmic 

blebbing. Wound healing assays demonstrated significant inhibition of cell migration at 100 µg/ml 

and 234.12 µg/ml, highlighting its anti-metastatic potential. Acridine orange/ethidium bromide 

(AO/EB) staining confirmed apoptotic cell death. Real-time PCR analysis revealed an increased 

(Bax/Bcl-2) ratio and upregulation of p53 expression, indicating activation of the intrinsic apoptotic 

pathway. These findings demonstrate that 6,3'-dimethoxy flavonol effectively induces apoptosis 

and inhibits migration in MG-63 cells by modulating apoptotic markers and signaling pathways. 

The results suggest its potential as a therapeutic agent for osteosarcoma. Future studies should 

explore itsinvivo efficacy, possible synergistic effects in combination therapies, and its mechanisms 

in p53-positive cell lines. This evidence underscores the promise of flavonoid based interventions 

in cancer treatment.    

Özet: Çoğunlukla çocukları ve gençleri etkileyen bir kanser türü olan osteosarkom, tedavi alanındaki 

gelişmelere rağmen uzun süreli sağkalım oranlarında sınırlı iyileşmeler göstermiş, bu durum da yeni 

tedavi yaklaşımlarını gerekli kılmıştır. Doğal bileşikler, özellikle de flavonoidler, kanser hücrelerinde 

sinyal yollarını düzenleme ve apoptozu başlatma kabiliyetlerine bağlı olarak kanser karşıtı özellikleri 

açısından araştırılmaktadır. Bu çalışmada, 6,3'-dimetoksi flavonolün yeni tedavilerin test edilmesine 

uygun bir model olan MG-63 osteosarkom hücreleri üzerindeki antikarsinojenik etkileri çeşitli 

analizler kullanılarak değerlendirilmiştir. MTT testi ile hücre canlılığı ve çoğalması ölçülmüş ve 48 

saatte 221.017 µg/ml'lik bir IC50 ile doza bağlı bir inhibisyon tespit edilmiştir. Faz-kontrast 

mikroskopisi incelemesi, hücre büzülmesi, yoğunluğun azalması ve sitoplazmik kabarcıklanma gibi 

apoptozla uyumlu morfolojik değişiklikleri ortaya koymuştur. Yara iyileşme deneyleri, 100 µg/ml ve 

234,12 µg/ml'de hücre göçünün önemli ölçüde inhibe edildiğini göstererek 6,3'-dimethoxy flavonolün 

anti-metastatik potansiyelini öne çıkarmıştır. Uygulanan Akridin turuncusu/etidyum bromür (AT/EB) 

boyaması apoptotik hücre ölümünü doğrulamıştır. Bax/Bcl-2 oranında artış ve p53 ekspresyonunda 

artış olduğunu ortaya koyan gerçek zamanlı PCR analizi, intrinsik apoptotik yolağın aktive olduğunu 

göstermiştir. Bu bulgular, 6,3'-dimetoksi flavonolün apoptotik belirteçleri ve sinyal yollarını 

düzenleyerek MG-63 hücrelerinde apoptozu etkili bir şekilde indüklediğini ve hücre göçünü 

engellediğini göstermektedir. Sonuçlar, 6,3'-dimetoksi flavonolün osteosarkom için tedavi edici bir 

ajan olarak potansiyeli olduğunu da göstermektedir. Gelecek çalışmalarda 6,3'-dimetoksi flavonolün 

in vivo etkinliği, kombinasyon tedavilerindeki olası sinerjik etkileri ve p53 pozitif hücre hatlarındaki 

mekanizmaları araştırılmalıdır. Çalışmada sunulan kanıtlar, kanser tedavisinde flavonoid bazlı 

müdahalelerin umut verici olduğunun altını çizmektedir.  

mailto:kanigapharma@gmail.com
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Introduction

Cancer remains a major global health concern due to 

its high rate of morbidity and mortality (Singh et al. 2024, 

Bushi et al. 2025). Osteosarcoma, also known as 

osteogenic sarcoma (Joshy et al. 2023, Gavarraju et al. 

2024), is a type of cancer that arises in the bones and 

originates from primitive bone-forming cells (Kannan et 

al. 2024, Zuvairiya et al. 2024, Nautiyal et al. 2024). 

Osteosarcoma, sometimes called osteogenic sarcoma that 

arises in the bones (Joshy et al. 2023, Gavarraju et al. 

2024). It is considered as a rare malignant disease, and 

mainly affects children and teenagers (Gavarraju et al. 

2024). It is an uncommon and dangerous form of bone 

cancer that mostly affects the body's long bones, such the 

arms and legs (Prithiksha & Priyadharshini et al. 2024, 

Sekar et al. 2025). Treatment for osteosarcoma, 

includingradiation, chemotherapy and possibly surgery, 

has advanced significantly in the modern period. 

Individuals with osteosarcoma are currently evaluated to 

have a 5-year survival rate of 60 to 70%. Among the 

chemotherapeutic medications used, methotrexate and 

ifosfamide are the most common ones, but a number of 

combinations and additional cytotoxic compounds, such 

as etoposide, have also been reported in related literature 

(Kansara et al. 2014). However, using these drugs may 

result in a number of problems and side effects including 

emesis, nausea, mouth fissures, fatigue, severe diarrhea 

and neutropenia. Among the acute reactions, 

anthracyclines may be the most notorious perpetrators, 

causing shortness of breath and chest pain, highlighting 

how these serious side effects constitute a major drawback 

of chemotherapy (Broder et al. 2008). Another problem 

with modern treatments is chemoresistance (Broder et al. 

2008). In order to uncover innovative treatments for a 

range of malignancies, including osteosarcoma, 

researchers have been motivated by these therapeutic 

limits to start exploring new directions, such as 

identifying novel targets and comprehending their 

mechanisms. The most widely used cell lines for 

osteosarcoma are MG-63, which were produced from the 

fibroblastic or epithelial origins of young, white patients. 

MG-63 cells exhibit a phenotype characterized by high 

proliferation, rapid growth rate, and moderate 

differentiation, making them a widely used in vitro model 

for studying osteosarcoma biology and anticancer drug 

screening (Czekanska et al. 2012). This particular cell line 

was chosen because it is accessible, reasonably priced and 

useful for experimental study. Due to their aggressive 

proliferative nature, MG-63 cells serve as an ideal model 

to evaluate the anticancer potential of various therapeutic 

agents, including natural compounds like flavonoids, 

which have shown promising cytotoxic and apoptotic 

effects against osteosarcoma cells, which have interesting 

properties such as the activation of epigenetic changes and 

the Ubiquitin-proteasome pathway (Nabavi et al. 2018, 

Barreca et al. 2021, Khan et al. 2021, Gervasi et al. 2022). 

Because flavonols selectively engage with specific 

intercellular signaling pathways to promote different 

activities inside the cells, they have shown anti-cancer 

properties in numerous invitro and invivo studies.  

6,3'-dimethoxy flavonol is a naturally occurring flavonoid 

derivative that belongs to the larger class of flavonols, 

which have a number of pharmacological characteristics, 

including anti-inflammatory, anti-cancer, and antioxidant 

effects. The structure of flavonols is characterized by a 

hydroxyl group on the 3rd carbon of the flavone backbone, 

while 6,3'-dimethoxy flavonol features methoxy groups at 

the 6 and 3' positions, which may influence its biological 

activity by affecting its solubility, cell permeability, and 

interaction with biomolecules (Fig. 1). 

Like other flavonoids, flavonols are known to have 

anticancer properties through a number of ways, including 

apoptosis induction, cell growth suppression and 

disruption of cell signaling pathways implicated in the 

development of cancer. Specifically, compounds with 

methoxy substitutions often show enhanced bioactivity, 

as methylation can improve cell uptake and metabolic 

stability compared to their hydroxylated counterparts. The 

study suggests that flavonoids with methoxy groups, such 

as 6,3'-dimethoxy flavonol, have the potential to modulate 

cellular oxidative stress, induce cell cycle arrest, and 

inhibit key enzymes involved in tumor progression. 

Flavonoids with methoxy groups, such as 6,3'-dimethoxy 

flavonol, have the potential to modulate cellular oxidative 

stress, induce cell cycle arrest, and inhibit key enzymes 

involved in tumor progression. These actions make them 

promising candidates for cancer therapy (López-Lázaro 

et. al. 2009). Also, Studies showed its antioxidant 

activities, and role in neuropathy pain and inflammation 

(Nadipelly et al. 2018, Sayeli et al. 2019). 

This study aims to investigate the anticancer effects of 

6,3'-dimethoxy flavonol on human cancer cell lines, with 

a particular emphasis on how it affects gene expression, 

migration, and cell viability. To evaluate cytotoxicity, the 

MTT assay was employed, providing insights into 6,3'-

dimethoxy flavonol's dose-dependent effects on cell 

survival. The scratch migration assay was conducted to 

assess the influence of 6,3'-dimethoxy flavonol (DMF) on 

cellular movement, a critical factor in cancer metastasis. 

We also analyzed gene expression changes in key 

regulatory genes to understand the molecular mechanisms 

underlying 6,3'-dimethoxy flavonol's anticancer activity. 

 

Fig. 1. The chemical structure of 6,3'-dimethoxy flavonol. 
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By exploring the effects of 6,3'-dimethoxy flavonol on 

cancer cells through multiple assays, this study sheds light 

on its potential as a therapeutic candidate, advancing our 

understanding of naturally derived compounds in cancer 

treatment. 

Materials and Methods 

Chemicals 

The 6,3'-dimethoxy flavonol used in the study was 

procured from Research Organics, Chennai, India. 

Cell line maintenance 

We obtained MG-63 Cell lines from the NCCS in 

Pune. The cells were cultivated in DMEM and RPMI in 

T25 culture flasks supplemented with 10% FBS and 1% 

antibiotics. The cells were kept in a humidified 

environment with 5% CO2 at 37°C, and were trypsinised 

and passaged once they had reached confluency.  

Cell viability (MTT) assay  

A common colorimetric method for assessing a drug’s 

detrimental effects is the MTT assay, which measures 

mitochondrial activity in living cells (Fig. 2). NAD(P)H-

dependent oxidoreductase enzymes, the basis of this 

assay, are only active in metabolically active cells. 

Spectrophotometry is used to assay the colour intensity, 

when these enzymes convert the yellow MTT dye (3-(4,5- 

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) 

into soluble insoluble purple formazan crystals (Ahn et al. 

2010). This reduction mechanism only takes place in 

living cells since it is dependent on continuous 

mitochondrial activity. The MTT assay is a trustworthy 

technique for determining cell viability and the cytotoxic 

effect of a test item since the absorbance is directly 

proportional to the number of viable cells. The MTT assay 

(Van Meerloo et al. 2011) was used to evaluate the cell 

viability of the MG-63 Cell line treated with 6,3'-

dimethoxy flavonol. The assay relies on metabolically 

active cells reducing soluble yellow tetrazolium salt to 

insoluble purple formazan crystals. The osteosarcoma cell 

line was plated at a density of 5x103 cells/well in 96-well 

plates, and then cultured for 3 h at 37ºC in serum-free 

medium to starve them. Then, two washes were 

performed using 100μl of serum-free media. Following a 

24 h fast, cells were exposed to varying doses of 6,3'-

dimethoxy flavonol (50-350 μg/ml). Following the 

treatment, 100μl of MTT containing DMEM (0.5 mg/ml) 

was added to each well after the media from the control 

and Rutin-treated cells had been removed.  

Morphology study 

We identified the ideal dosages for additional research 

based on the MTT experiment (IC50: 234.12 µg/ml for 

osteosarcoma cell line and 100 and 234.12 µg/ml for MG-

63 cell system) using a phase contrast microscope to 

evaluate changes in cell morphology. After being grown 

on 6 well plates, 2 × 105 cells were exposed to 6,3'-

dimethoxy flavonol for a full day. Cells were given a 

single wash with phosphate buffer saline (PBS pH 7.4) 

following the removal of the medium at the end of the 

incubation period. A phase contrast microscope was used 

to view the plates (Perumal et.al. 2023). 

Scratch wound healing assay 

In six-well culture plates, osteosarcoma cells (2 × 105 

cells/well) were cultivated. After making a wound with a 

200μl tip, the cell monolayer was cleaned with PBS and 

captured on camera using an inverted microscope. 

Following a 24 h treatment with the IC50 dose and the 

administration of serum-free growth media to control 

cells, images of the damaged area were captured using the 

same microscope. The experiments were carried out three 

times for each treatment group (Felice et al. 2015). 

Using acridine orange (AO)/ethidium bromide (EtBr) 

dual labelling to identify the mode of cell demise 

By using the previously published AO/EtBr dual 

staining, the effects of 6,3'-dimethoxy flavonol (100 & 

234.12 μg/ml) on osteosarcoma cell mortality were 

ascertained. Following a 24 h treatment with 6,3'-

dimethoxy flavonol, after being collected, Ice-cold PBS 

was used to wash the cells. 5 µl of acridine orange (1 

mg/ml) and 5 µl of EtBr (1 mg/ml) were used to re-

suspend the pellets. A fluorescent microscope was then 

used to view the apoptotic alterations in the designated 

cells (Ezhilarasan et al. 2019). 

Real Time PCR 

Real-time PCR was used to measure the gene 

expression of apoptotic signaling molecules. Trizol 

Reagent (Sigma) was used in the standardized procedure 

to isolate total RNA. A Prime Script first strand cDNA 

synthesis kit (TakaRa, Japan) was used to synthesize 

reverse transcription cDNA from two g of RNA. Certain 

primers were used to amplify the pertinent genes (Table 

1). The GoTaq® qPCR Master Mix (Promega), which 

includes SYBR green dye and all the PCR components, 

was used to conduct the PCR reaction. The CFX96 PCR 

system (Biorad) was used to perform the real-time PCR. 

The comparative CT method was used to assess the results 

and Schmittgen & Livak's 2−∆∆CT method was used to 

compute the fold change (Morrison et al. 1998). 

Table 1. List of the primers used. Tm corresponds to Melting 

Temperature 

Gene Forward Primer Reverse Primer Tm 

p53 
AGGCCTTGGAACT

CAAGGAT 

TGAGTCAGGCCCTT

CTGTCT 
60 

Bax 
TACCTCTTCCCTTC

CTTTCTCC 

TCCTGGATGAAAC

TAGAGTGGG 
58 

Bcl-2 
CATGTGTGTGGAG

AGCGTCAAC 

CAGATAGGCACCC

AGGGTGAT 
58 

Bad 
GCTGGACATTGGA

CTTCCTC 

CTCAGCCCATCTTC

TTCCAG 
60 

Caspase-3 
GCTATTGTAGGCG

GTTGT 

TGTTTCCCTGAGGT

TTGC 
55 

GAPDH 
CGACCACTTTGTCA

AGCTCA 

CCCCTCTTCAAGGG

GTCTAC 
58 
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Statistical analysis  

The collected data were analyzed using SPSS 

software, employing One-Way ANOVA and Student’s t-

test, and compared between the control and treated groups 

at various concentrations (100 μg/ml, 150 μg/ml, 200 

μg/ml, 250 μg/ml, 300 μg/ml, and 350 μg/ml). A threshold 

of p < 0.05 was set for statistical significance, and the 

results were presented in triplicate as mean ± standard 

deviation (SD). 

Abbreviations 

AO/Et Br - Acridine Orange / Ethidium Bromide 

Bad - Bcl-2-associated death promoter 

Bax - Bcl-2-Associated X Protein 

DMEM - Dulbecco’s Modified Eagle Medium 

FBS - Fetal Bovine Serum 

IC - Inhibitory Concentration 

MTT - 3-(4,3–Dimethylthizaol-2-yl)–2,5–diphenyl 

tetrazolium bromide Assay 

MOMP - Mitochondrial Outer Membrane Permeabilization 

NCCS - National Centre for Cell Sciences 

PBS - Phosphate Buffered Saline 

p53 - Tumor Protein 

PCR - Polymerase Chain Reaction 

SAR - Structural Activity Relationship 

Results 

6,3'-dimethoxy flavonol significantly reduces MG-63 

cell viability  

The cytotoxic effects of 6,3'-dimethoxy flavonol were 

evaluated at varying concentrations (50-350 μg/ml) using 

the MTT assay, with absorbance values used to calculate 

percentage cell viability. Following a 24 h incubation 

period, the outcomes were contrasted with untreated 

control cells (Fig. 2). In Table 2, the cytotoxicity was 

expressed as mean ± SD, and indicate a dose-dependent 

cytotoxic effect of 6,3'-dimethoxy flavonol. The control 

showed 100% viability, while at 50 μg/ml, viability was 

95.3% ± 2.9 with minimal variability. As the concentration 

increased, viability decreased: 80.5% ± 2.8 (100 μg/ml), 

73.9% ± 5 (150 μg/ml), 56.7% ± 9.8 (200 μg/ml), 36.1% ± 

5.4 (250 μg/ml), 21.3% ± 4.5 (300 μg/ml), and 15.7% ± 3.8 

(350 μg/ml). The increasing SD at higher concentrations 

suggests greater variability in cellular response. 

Table 2. Dose-dependent cytotoxic effect of 6,3'-dimethoxy 

flavonol. 

Test Compound Percentage Viability 

Control 100 

6,3'-dimethoxy flavonol (50 μg/ml) 95.3 ± 2.9 

6,3'-dimethoxy flavonol (100 μg/ml) 80.5 ± 2.8 

6,3'-dimethoxy flavonol (150 μg/ml) 73.9 ± 5 

6,3'-dimethoxy flavonol (200 μg/ml) 56.7 ± 9.8 

6,3'-dimethoxy flavonol (250 μg/ml) 36.1 ± 5.4 

6,3'-dimethoxy flavonol (300 μg/ml) 21.3 ± 4.5 

6,3'-dimethoxy flavonol (350 μg/ml) 15.7 ± 3.8 

The data shown as mean  SD (n = 3). 

 

Fig. 2. The cytotoxic effects of 6,3'-dimethoxy flavonol on 

osteosarcoma (MG-63) cells. Cells were treated with 6,3'-

dimethoxy flavonol (50 -350 μg/ml) for 24 hours. 

Morphological study of 6,3'-dimethoxy flavonol  

Cell were treated with 6,3'-dimethoxy flavonol (100 

μg/ml, 234.12 μg/ml & 300 μg/ml) for 24 hours. The cell 

population significantly decreased after treatment, 

indicating strong cytotoxic effects. The cells showed signs 

of apoptosis, including cell shrinkage and blebbing of the 

cytoplasmic membrane. These alterations indicate cellular 

damage and stress. An inverted phase-contrast 

microscope set to ×10 magnification was used to monitor 

and record these changes (Fig. 3). 

6,3'-dimethoxy flavonol decreases wound closure in 

MG-63 cells  

Using the scratch wound healing assay, the effect of 

6,3'-dimethoxy flavonol on migration were assessed. 

Following injury to a cell, migration experiment was 

conducted 24 h later with and without the administration 

of 6,3'-dimethoxy flavonol (100 and 234.12 μg/ml).  

Cell morphological changes (MG-63 cells) 

Control 6,3'-dimethoxy flavonol (100µg/ml) 

  

6,3'-dimethoxy flavonol (234,12µg/ml) 6,3'-dimethoxy flavonol (300µg/ml) 

  

Fig. 3. Effect of 6,3'-dimethoxy flavonol (100 μg/ml, 234.12 

μg/ml & 300 μg/ml) on cell morphology. 
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A uniform scratch was introduced into a confluent cell 

monolayer, and the wound closure was monitored after 

treatment. In comparison to the untreated control, both 

doses markedly reduced cell migration, and a dose-

dependent delay in wound closure was noted. These 

results indicate that 6,3'-dimethoxy flavonol effectively 

impairs the migratory ability of MG-63 cells, highlighting 

its potential to suppress metastatic behavior in 

osteosarcoma (Felice et al. 2015) (Fig. 4). 

Acridine Orange/Ethidium bromide (AO/EB) staining  

Ethidium Bromide (EB) only stains dead cells with 

compromised membrane integrity, whereas Acridine 

Orange (AO) stains both living and dead cells. When 

using this technique to identify apoptosis, the nuclei of 

live cells show consistent green fluorescence, whereas the 

nuclei of early apoptotic cells display bright green patches 

due to chromatin condensation. On the other hand, late 

apoptotic cells with broken or constricted nuclei and lost 

membrane integrity appear orange due to EB binding. 

Different stages of cell death can be easily distinguished. 

Red-stained necrotic cells have a nucleus structure similar 

to that of living cells, but they lack condensed chromatin. 

Following treatment with 6,3'-dimethoxy flavonol (100 

and 234.12 µg/ml), the quantity of green-fluorescent cells, 

which indicates a reduction in viable cells, decreased in a 

dose-dependent manner. The presence of early apoptotic 

cells with fragmented DNA was indicated by the 

emergence of high-intensity green spots on nuclei. 

Compared to the control group, the percentage of orange-

stained necrotic or late apoptotic cells was significantly 

higher (X% ± SD, p < 0.05) in the 6,3'-dimethoxy 

flavonol-treated group (Fig. 5). 

Gene expression profiles induced by 6,3'-dimethoxy 

flavonol 

Gene expression analysis of MG-63 cells treated with 

6,3'-dimethoxy flavonol at 100 μg/ml and 234.12 μg/ml 

revealed significant modulation of key apoptotic markers. 

The treatment downregulated Bcl-2, an anti-apoptotic 

gene, while upregulating Bax, a pro-apoptotic gene, 

thereby increasing the Bax/Bcl-2 ratio and promoting 

apoptosis. Additionally, the expression of p53, a tumor 

suppressor, was enhanced, indicating its role in regulating 

apoptotic pathways.  

 

Fig. 4. MG-63 Cells were injured and cell migration assay with and without treatment of 6,3'-dimethoxy flavonol (100 and 234.12 

μg/ml) was performed at 24 h. Images were obtained using an inverted phase contrast microscope. 

Control 6,3'-dimethoxy flavonol (100 μg/ml) 6,3'-dimethoxy flavonol (234.12 μg/ml) 

   

Fig. 5.  Effect of 6,3'-dimethoxy flavonol (100μg/ml & 234.12 μg/ml) on nuclear morphology of MG-63 Cell line. 
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Fig. 6. Effect of 6,3'-dimethoxy flavonol (100 and 234.12 μg/ml) on pro-apoptotic gene (Bax, Bad, Bcl-2, and Caspase-3) expressions 

in osteosarcoma cell line. Target gene expression is normalized to GAPDH mRNA expression and the results are expressed as fold 

change from the control. 

These findings align with the growing body of 

evidence that flavonoids, including flavonols, exhibit 

anti-cancer properties by targeting key signaling 

pathways involved in cell survival and apoptosis. The 

specificity of 6,3'-dimethoxy flavonol in modulating these 

pathways at effective concentrations (100 μg/ml and 

234.12 μg/ml) highlights its potential therapeutic 

application. Furthermore, the dose-dependent response 

observed suggests that higher concentrations mayelicit a 

stronger apoptotic response, providing insights into its 

pharmacological activity (Fig. 6). Table 3 illustrates 

apoptotic marker expression (p53, Bax, Bad, Bcl-2, 

Caspase-3) under different conditions. In the 

experimental setup, p53 increased (2.728 to 5.068), 

accompanied by elevated Bax, Bad, and Caspase-3 levels, 

while Bcl-2 decreased (0.6182 to 0.2377), indicating 

apoptosis. The control showed minimal marker 

expression, with slight increases under experimental 

conditions. Overall, p53 activation enhanced pro-

apoptotic markers and suppressed Bcl-2, reinforcing an 

apoptosis-driven response. 

Table 3. Apoptotic marker expressions. 

Gene 
6,3'-dimethoxy 

flavonol (100 μg/ml) 

6,3'-dimethoxy flavonol 

(234.12 μg/ml) 

p53 2.728 ± 0.26 5.06 ± 0.27 

Bax 1.62 ± 0.39 4.25 ± 0.63 

Bad 1.84 ± 0.74 3.82 ± 1.23 

Bcl-2                                                                                                           0.61 ± 0.24 0.237 ± 0.232 

Caspase-3 3.80 ± 1.36 4.41 ± 1.35 

Discussion 

Osteosarcoma, a rare cancer worldwide, primarily 

affects children and teenagers. Even though new 

treatment approaches for osteosarcoma have improved the 

prognosis, the long-term survival rate for the disease has 

remained stagnant. The development of new, creative 

treatments is necessary to improve the long-term 

prognosis for patients with osteosarcoma. Common 

cancer therapies include chemotherapy, surgery, and 

radiation therapy, each of which has a number of 

disadvantages. Nowadays, the majority of anticancer 

medications come from natural sources. Natural 

compounds inhibit cell signaling pathways and trigger 

cellular apoptosis (Baskar et al. 2012) to produce their 

anticancer effects. In this study, we examined the anti-

carcinogenic properties of 6,3'-dimethoxy flavonol on 

human osteosarcoma cell line. MG-63 cells make a great 

model cell line for developing novel therapeutic 

treatments for patients with osteosarcoma (Hashem et al. 

2022). The current study's findings are consistent with 

other research showing flavonol has a variety of 

biological effects, like anti-inflammatory, anti-oxidative, 

anti-proliferative, and anticoagulative properties (Lee et 

al. 2019, Kim et al. 2008). No research has so far 

evaluated for 6,3'-dimethoxy flavonol's in vitro anti-

cancer activities in osteosarcoma. Thus, the current 

study's goal was to look into 6,3'-dimethoxy flavonol's 

anti-cancer effects in osteosarcoma. In order to do this, the 

impact of 6,3'-dimethoxy flavonol on osteosarcoma cell 

viability and proliferation was assessed, and the signaling 

pathways that mediate these effects were examined. 

6,3'-dimethoxy flavonol decreased cell proliferation in 

the MG-63 cell line in a dose-dependent way in our 

experiments. After 24 and 48 h of treatment, the IC50 was 

reported to be 221.017 g/ml (Fig. 2). This finding 

suggests that 6,3'-dimethoxy flavonol is primarily 

cytotoxic to cancerous cells. Following the cytotoxicity 

assessment of 6,3'-dimethoxy flavonol, its effect on MG-

63 cell morphology was analyzed using an inverted phase-

contrast microscope. The impact of 6,3'-dimethoxy 

flavonol on cell morphology is thoroughly analysed by 

using different concentrations (100 g/ml, 234.12 g/ml, 
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and 300 g/ml). The findings showed that cells treated 

with 6,3'-dimethoxy flavonol showed significant 

morphological changes in comparison to untreated cells. 

These alterations included shrinkage, reduced cell 

density, and dose-dependent cytoplasmic blebbing all of 

which are traits of apoptotic cells (Fig. 3).  

The observed inhibition of MG-63 cell migration at 

both concentrations (100 and 234.12 μg/ml) suggests that 

this compound significantly impairs the migratory ability 

of cancer cells, which is a critical step in the metastatic 

cascade (Van et al. 2011). Cell migration plays a pivotal 

role in cancer progression and metastasis, enabling tumor 

cells to invade surrounding tissues and establish 

secondary tumors. The dose-dependent inhibition of 

wound closure indicates that 6,3'-dimethoxy flavonol 

interferes with cellular processes essential for migration. 

The delayed wound closure observed in treated groups 

further underscores the compound's potential to suppress 

osteosarcoma metastasis. The dose-dependent nature of 

inhibition indicates that the higher concentration of 6,3'-

dimethoxy flavonol (234.12 μg/ml) exerts a stronger 

inhibitory effect, aligning with the compound's bioactivity 

profile. These results are particularly significant as 

osteosarcoma is known for its aggressive nature and high 

propensity for metastasis, especially to the bone cells. By 

targeting the migratory capacity of MG-63 cells, 6,3'-

dimethoxy flavonol could serve as a valuable therapeutic 

agent in reducing metastatic risk. 6,3'-dimethoxy flavonol 

demonstrates a strong anti-migratory effect on MG-63 

cells, supporting its potential role in managing metastatic 

osteosarcoma (Fig. 4). 

Apoptotic cell death is characterized by nuclear 

fragmentation and cell shrinkage. Using dyes that bind 

fluorescent DNA, like AO/EB, morphological alterations 

and apoptosis-induced cell death were detected. Acridine 

orange is a necessary dye that can be used to stain both 

living and dead cells. The fluorescent intercalating 

chemical ethidium bromide, which creates linkages 

between DNA bases, only stains cells with damaged 

cytoplasmic membranes, giving their nucleus a red hue 

when exposed to UV light. 

While late apoptotic cells contain contracted and 

broken orange chromatin (Renvoize et al. 1988, Liu et al. 

2015), early apoptotic cells have condensed or fragmented 

chromatin with a bright green nucleus. In our study, green 

cells were uniformly distributed throughout the control 

group or untreated cells. According to the applied 

stainings, cells treated with 6,3'-dimethoxy flavonol 

exhibited more orange to red nuclei and perinuclear bright 

green patches than the control group. This suggests that 

6,3'-dimethoxy flavonol increases both early and late 

apoptotic cells at doses of 100 and 234.12 g/ml. 

Furthermore, the treatment enhances apoptosis by 

increasing the levels of active cleaved caspase-3 and 

cleaved poly-ADP ribose polymerase (PARP), both of 

which are key markers of programmed cell death. 

Additionally, it elevates the Bax/Bcl-2 ratio, promoting a 

pro-apoptotic balance that favors cell death in cancerous 

cells. (Fig. 5) 

The gene expression of pro-apoptotic and anti-

apoptotic cells were evaluated with the help of real-time 

PCR. The results showed that 6,3'-dimethoxy flavonol can 

cause MG-63 osteosarcoma cells to undergo apoptosis by 

altering important apoptotic indicators. A disruption of 

mitochondrial membrane integrity is suggested by the 

observed downregulation of the anti-apoptotic protein 

Bcl-2 and the overexpression of the pro-apoptotic protein 

Bax, a characteristic of the intrinsic apoptotic pathway 

(Fig. 6). The elevated Bax/Bcl-2 ratio, which is generally 

acknowledged as a crucial element of mitochondrial outer 

MOMP, which results in the release of cytochrome c and 

the subsequent activation of caspases, lends additional 

credence to this. The intrinsic pathway's involvement is 

further shown by the overexpression of p53, a tumor 

suppressor gene that is essential for controlling cell cycle 

arrest and apoptosis. It is known that p53 represses anti-

apoptotic genes like Bcl-2 while transcriptionally 

activating pro-apoptotic genes like Bax. It may function, 

at least in part, by activating p53-dependent apoptotic 

signaling, as evidenced by its enhanced expression in 

response to therapy. The enhanced expression of p53 may 

also indicate the ability of 6,3'-dimethoxy flavonol to 

induce DNA damage or stress responses, triggering 

apoptosis as a protective mechanism against malignant 

transformation. These results are consistent with the 

increasing amount of data showing that flavonoids, 

notably flavonols, have anti-cancer effects by focusing on 

important signaling pathways that are involved in 

apoptosis and cell survival. The specificity of 6,3'-

dimethoxy flavonol in modulating these pathways at 

effective concentrations (100 μg/ml and 234.12 μg/ml) 

highlights its potential therapeutic application. 

Furthermore, the dose-dependent response observed 

suggests that higher concentrations may elicit a stronger 

apoptotic response, providing insights into its 

pharmacological activity. Further exploration of its 

therapeutic applications could provide new avenues for 

combating this aggressive cancer. 

Future research should expand the investigation of 

6,3'-dimethoxy flavonol to other osteosarcoma cell lines, 

such as SaOS-2 and U2OS, to validate its broad anticancer 

efficacy. To evaluate its pharmacokinetics, 

biodistribution, and capacity to impede tumor growth and 

metastasis in a physiological setting, in vivo research 

employing animal models is crucial. Exploring 

combination therapy with standard chemotherapeutic 

agents like doxorubicin could enhance efficacy while 

minimizing toxicity. Elucidating molecular mechanisms 

beyond p53-dependent pathways, particularly in p53-

positive cell lines, will provide a deeper understanding of 

its anticancer action. Structure-activity relationship 

(SAR) studies could optimize its bioactivity, while 

developing nanoparticle-based delivery systems may 

improve its bioavailability and reduce systemic toxicity. 

Additionally, the exploration of its immunomodulatory 
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effects on the tumor microenvironment, such as 

modulating immune cell infiltration and cytokine 

production, may reveal synergistic therapeutic potential. 

Clinical translational studies, including early-phase 

clinical trials, will be crucial to establish its safety and 

efficacy in osteosarcoma patients. High-throughput 

genomic and proteomic profiling could further identify 

biomarkers for patient stratification, enabling 

personalized treatment approaches. These future 

directions could position 6,3'-dimethoxy flavonol as a 

promising candidate in the development of innovative 

osteosarcoma therapies. 

Conclusion 

This study highlights the therapeutic potential of 6,3'-

dimethoxy flavonol, a bioactive molecule with strong 

antiproliferative effects on MG-63 osteosarcoma cells. 

Morphological analysis post-treatment revealed hallmark 

signs of apoptosis, such as decreased density and cell 

shrinkage, indicating a successful interference with 

cancer cell survival. In a wound-healing study, the 

molecule also demonstrated anti-migratory qualities, 

suggesting that it may prevent metastasis. The Bax/Bcl-2 

ratio shifted towards apoptosis at the molecular level, as 

demonstrated by RT-PCR analysis, which revealed 

elevated (anti-apoptotic) expression. Its potential as a 

selective anticancer drug is highlighted by this dual 

mechanism. The study does, however, admit many 

limitations, such as its exclusive emphasis on a particular 

cell line. To confirm efficacy and safety, further 

osteosarcoma models and in vivo investigations are 

essential for future study. In summary, 6,3'-dimethoxy 

flavonol exhibits strong anticancer properties, providing a 

potentially effective therapy option for osteosarcoma. 
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Abstract: Diabetes mellitus is a prevalent metabolic disorder characterized by persistently 

high blood glucose levels due to insufficient insulin production or response. Although 

significant progress has been made in symptom management, a definitive cure remains 

unavailable. This study presents a novel approach to generate insulin-producing β cells from 

non-β cell sources using the CRISPR/dCas9 gene activation system. We focused on 

enhancing β-cell differentiation by activating PDX1 and NGN3, two key transcription factors 

in pancreatic development. To optimize this process, we compared three activator domains 

(VP64, VPR, and p300) and found VPR to be the most effective. Specifically, the VPR 

activator led to a 19-fold increase in PDX1 expression and a 256-fold increase in NGN3 

expression when combined with four gRNAs. This superiority is likely due to its stronger 

transcriptional activation capability, which enhances gene expression more efficiently than 

VP64 and p300. Gene and protein expression were confirmed through RT-qPCR and 

immunostaining, respectively. Our findings demonstrate that CRISPR/dCas9-mediated gene 

activation can effectively induce β-cell differentiation, offering a promising approach for type 

1 diabetes therapy, where β-cell loss is a major challenge. Future studies should explore the 

long-term functionality and stability of these β-like cells in preclinical models to further 

assess their therapeutic potential. By optimizing transcription factor activation, our study 

provides new insights into β-cell regeneration, advancing the field of gene-based diabetes 

treatments.   

Özet: Türkçe Diabetes mellitus, yetersiz insülin üretimi veya yanıtı nedeniyle kalıcı olarak 

yüksek kan glukoz seviyeleriyle karakterize edilen yaygın bir metabolik bozukluktur. 

Belirtilerin yönetimi konusunda önemli ilerlemeler kaydedilmiş olsa da kesin bir tedavi halen 

mevcut değildir. Bu çalışma, CRISPR/dCas9 gen aktivasyon sistemini kullanarak insülin 

üreten β-benzeri hücrelerin β hücresi olmayan kaynaklardan elde edilmesine yönelik yeni bir 

stratejiyi araştırmaktadır. Pankreas gelişiminde kilit rol oynayan iki transkripsiyon faktörü 

olan PDX1 ve NGN3'ün aktivasyonu yoluyla β hücre farklılaşmasını artırmaya odaklandık. 

Bu süreci optimize etmek için üç farklı aktivatör bölgesini (VP64, VPR ve p300) 

karşılaştırdık ve VPR'nin en etkili aktivatör olduğunu belirledik. Özellikle VPR aktivatörü, 

dört gRNA ile birlikte kullanıldığında PDX1 ekspresyonunda 19 kat, NGN3 ekspresyonunda 

ise 256 kat artış sağladı. Bu üstünlüğün, VPR'nin VP64 ve p300'e kıyasla daha güçlü 

transkripsiyon aktivasyonu sağlamasından kaynaklandığını düşünüyoruz. Gen ve protein 

ekspresyonu sırasıyla RT-qPCR ve immün boyama teknikleriyle doğrulandı. Bulgularımız, 

CRISPR/dCas9 aracılı gen aktivasyonunun β hücre farklılaşmasını etkili bir şekilde 

indükleyebileceğini ve β hücre kaybının büyük bir sorun olduğu tip 1 diyabet tedavisi için 

umut vadeden bir yaklaşım sunduğunu göstermektedir. Gelecekteki çalışmalar, bu β-benzeri 

hücrelerin uzun vadeli fonksiyonelliğini ve stabilitesini preklinik modellerde inceleyerek 

terapötik potansiyellerini daha kapsamlı bir şekilde değerlendirmelidir. Transkripsiyon 

faktörü aktivasyonunu optimize eden bu çalışma, β hücre rejenerasyonu hakkında yeni 

içgörüler sunarak gen temelli diyabet tedavileri alanına önemli bir katkı sağlamaktadır.  
 

Introduction

The CRISPR (Clustered Regularly Interspaced Short 

Palindromic Repeats) system is a precise genome-editing 

tool derived from bacterial immune defense, utilizing the 

Cas9 nuclease and a guide RNA (gRNA) to target specific 

DNA sequences. Due to its efficiency, specificity, and 

simplicity, CRISPR/Cas9 has become the predominant 

genome-editing method, enabling applications such as 

gene silencing and regulation. The discovery of Cas9 
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orthologs and variants with different protospacer adjacent 

motif (PAM) specificities has further expanded its 

targeting capabilities. To adapt CRISPR for gene 

regulation, (Qi et al. 2013) engineered a catalytically 

inactive Cas9 (dCas9) by mutating its HNH and RuvC-

like nuclease domains. dCas9 can bind to DNA without 

cleaving it, allowing precise transcriptional modulation 

when fused to effector domains. CRISPR activation 

facilitates gene regulation by linking dCas9 with 

transcriptional activation domains, enabling targeted gene 

upregulation or downregulation without altering the DNA 

sequence (Casas-Mollano et al. 2020, Razavi et al. 2024). 

In the CRISPR-Cas9 system, dCas9 is preferred over 

Cas9 in gene regulation studies because it allows 

transcriptional or epigenetic control of target genes 

without DNA cleavage. This approach offers significant 

advantages for modulating gene expression without 

introducing permanent genomic modifications. Due to 

mutations in the RuvC and HNH nuclease domains 

(D10A/H840A), dCas9 lacks endonuclease activity but 

retains the ability to bind target DNA, facilitating the 

recruitment of transcription factors or epigenetic 

regulators to specific genomic loci. This property 

eliminates the risk of genomic instability and unintended 

mutations (Richter et al. 2020). Additionally, when fused 

with effector proteins such as VP64 or KRAB, dCas9 can 

either enhance or repress gene expression, making it ideal 

for dynamic control of cellular functions (Nuñez et al. 

2021). In epigenetic regulation, dCas9 can be fused with 

DNA methyltransferases (e.g., DNMT3A) or histone-

modifying enzymes (e.g., p300) to alter chromatin 

structure and achieve long-term gene expression control 

without permanent mutations (Dominguez et al. 2022). 

While its DNA-cleaving ability can lead to unintended 

mutations at off-target sites, dCas9 significantly reduces 

off-target effects, making it a safer option for therapeutic 

applications (Seo et al. 2023). These advantages establish 

dCas9 as an essential tool for gene regulation, epigenetic 

engineering, and therapeutic development. The CRISPR-

dCas9 system utilizes effector proteins such as VPR, 

VP64, and p300 to regulate gene expression through 

transcriptional activation or epigenetic modification. 

These proteins, when fused with dCas9, manipulate the 

expression of target genes by binding to specific DNA 

regions. VP64 is a fusion of four VP16 transcriptional 

activation domains derived from the human herpesvirus 

and activates transcription by binding to the promoter 

region of the target gene. It is preferred for achieving high 

levels of gene expression, although its activation power is 

limited. VPR, a combination of VP64, human p65 (NF-

κB), and Rta (from the Epstein-Barr virus), provides 

stronger transcriptional activation compared to VP64. 

This system is particularly effective for activating genes 

that are difficult to express, such as those located in silent 

chromatin regions. p300, an epigenetic regulator with 

histone acetyltransferase (HAT) activity, works by 

acetylating histones in the target gene region. This 

modification opens the chromatin structure, facilitating 

transcriptional activation. p300 is used for long-term 

regulation of gene expression without permanently 

altering the DNA sequence. These activation domains 

offer distinct advantages: VP64 is an efficient and 

straightforward tool for basic gene activation, VPR is 

suitable for genes requiring higher levels of activation, 

and p300 enables sustainable activation without 

permanent DNA changes (Chavez et al. 2015, Dominguez 

et al. 2022, Riedmayr et al. 2022).  

Synthetic transcription factors including those used in 

the CRISPR-dCas9 system, play crucial roles in 

regulating gene expression, stimulating tissue 

regeneration, compensating for genetic defects, activating 

silenced tumor suppressors, controlling stem cell 

differentiation, performing genetic screening, and 

generating synthetic genes. These factors typically target 

enhancers or promoters of both endogenous genes and 

transgenes (Beerli et al. 2000, Kunii et al. 2018). In 

mammals, gRNA activation is usually moderate; 

however, using multiple gRNAs can help enhance 

activation by targeting distinct locations upstream of the 

transcription start site (Gilbert et al. 2013, Maeder et al. 

2013). Several CRISPR activation systems, such as 

dCas9–VP64, dCas9–VPR, dCas9–SunTag, the gRNA-

activation domain system, the SAM (Synergistic 

Activation Mediator) system, and the dCas9–p300 core 

system, employ various strategies to promote gene 

expression through targeted activation mechanisms. The 

dCas9-VP64, dCas9-VPR, and dCas9-p300 systems are 

distinct CRISPR activation platforms, each offering 

specific mechanisms for gene activation. dCas9-VP64 is 

the first-generation CRISPR activation system, in which 

dCas9 is fused with the VP64 transactivation domain 

(Balboa et al. 2015). This system can activate targeted 

endogenous genes using a single gRNA while minimizing 

off-target effects (Maeder et al. 2013). The use of multiple 

gRNAs can lead to the synergistic activation of various 

genes, such as IL1RN and VEGFA (Cheng et al. 2013, 

Maeder et al. 2013, Pablo Perez-Pinera et al. 2013). 

dCas9-VPR system enhances the activation capabilities of 

dCas9 by incorporating a tripartite activator domain. 

Compared to dCas9-VP64, the dCas9-VPR system 

achieves significantly higher gene expression, with up to 

a 320-fold increase in expression level (Chavez et al. 

2015). This system is particularly effective when multiple 

gRNAs are used to activate genes related to cellular 

reprogramming and development (Chavez et al. 2015). 

Lastly, the dCas9-p300 system fuses dCas9 with the 

catalytic core of p300 acetyltransferase, which directly 

catalyzes histone acetylation at target sites, leading to 

robust transcriptional activation of genes from both 

promoters and enhancers. The dCas9-p300 system has 

been demonstrated to activate genes like IL1RN and 

OCT4, showcasing its ability to directly modify the 

epigenetic landscape (Hilton et al. 2015, Chen & Qi 

2017). In summary, dCas9-VP64 is a foundational system 

for gene activation, dCas9-VPR offers enhanced 

activation capabilities, and dCas9-p300 provides a 

mechanism for direct epigenetic modification to achieve 

gene activation (Chen & Qi 2017, Hsu et al. 2019). 
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Recent advancements in pancreatic gene activation 

and β cell differentiation for diabetes treatment have 

achieved significant progress, particularly in stem cell-

based approaches, transdifferentiation, gene therapy, 

and epigenetic modulation. Human pluripotent stem 

cells (iPSCs) have been successfully converted into 

functional β cells through the use of key transcription 

factors such as PDX1, NGN3, MAFA, and NKX6.1 

(Dadheech & James Shapiro 2019). Moreover, 3D 

organoid culture systems have further enhanced this 

process by enabling the maturation of these cells through 

matrix interactions and signaling molecules like Wnt 

and TGF-β (Pollock et al. 2023). Additionally, CRISPR-

Cas9-based gene editing has proven effective in 

correcting genetic defects in monogenic diabetes models 

(Maxwell et al. 2020), while the dCas9-VPR system has 

emerged as a powerful tool for activating pancreatic 

genes. Studies have demonstrated that coexpressing 

dCas9-VPR with gRNAs targeting key transcription 

factors such as PDX1, NGN3, NKX6.1, and MAFA 

results in the substantial activation of these genes, 

indicating the potential of CRISPR systems in enhancing 

gene expression for β cell differentiation (Lee et al. 

2023). Transdifferentiation, the process of converting 

non-β cells into insulin-producing cells, has also been a 

focus of recent research. The reprogramming of acinar 

cells into β-like cells has been successfully achieved 

through the viral delivery of transcription factors like 

NGN3, PDX1, and MAFA in mouse models (Cavelti-

Weder et al. 2017). Further, the use of the dCas9-VP160 

and dCas9-P300 systems has shown promise in 

activating pancreatic genes like INS, PDX1, NGN3, and 

PAX4, both in vitro and in vivo, indicating the potential 

of CRISPR-based gene activation for treating complex 

diseases like type 1 diabetes (Giménez et al. 2016). Gene 

therapy has also made strides, with the delivery of PDX1 

and MAFA genes to pancreatic cells via AAV vectors 

improving glucose homeostasis in mice (Guo et al. 

2023). These findings emphasize the growing potential 

of gene activation and reprogramming strategies in the 

development of new therapeutic options for diabetes 

treatment. Although significant progress has been made, 

challenges remain in achieving a true β cell phenotype, 

as external genes introduced during cell reprogramming 

can activate both endogenous and target genes, which 

may continue to drive cellular programming processes 

even after the exogenous genes are removed (Soria 2001, 

Akinci et al. 2012, Elhanani et al. 2020) Nevertheless, 

these approaches hold great promise for future advances 

in regenerative medicine and diabetes treatment. 

One of the main challenges in β cell reprogramming is 

the limited activity of endogenous genes, which often 

leads to inefficient reprogramming outcomes. In this 

study, we utilized the CRISPR-dCas9 system 

incorporating the VPR, VP64, and P300 activation 

domains to enhance the expression of PDX1 and NGN3, 

two crucial transcription factors for pancreatic 

development. By targeting the promoter regions of these 

genes, we observed significant upregulation of both gene 

and protein levels, as confirmed through immunostaining 

and RT-qPCR analyses. Unlike previous studies that have 

focused on the isolated roles of PDX1 and NGN3, our 

approach employed a multi-faceted strategy using three 

different dCas9 activators and multiple gRNA constructs 

to optimize gene expression across the -250 to +1 

promoter region. Notably, our results demonstrate a 

synergistic effect of the VPR domain, leading to a 

remarkable 19- and 256-fold increase in PDX1 and NGN3 

expression, respectively, compared to conventional 

methods. These findings represent a significant 

advancement in β cell reprogramming, providing a more 

efficient platform for generating insulin-producing β-like 

cells from non-β cell sources. 

Materials and Methods 

Design and cloning of gRNA expression plasmids 

The PAM required for gRNA targeting was selected 

as the Streptococcus pyogenes NGG. Ten gRNA 

sequences for the PDX1 gene and eight gRNA sequences 

for the NGN3 gene were determined using the online 

CRISPR-ERA tool (CRISPR-ERA 2025). DNA 

oligonucleotides encoding 20-nt long gRNAs were 

synthesized (Supplementary Material Tables S1, S2). The 

synthesized DNA oligonucleotides were ligated to the 

BbsI site in the gRNA expression vector. The gRNA 

expression vector plasmid was obtained from Addgene 

pSPgRNA (# 47108) (Pablo Perez-Pinera et al. 2013). 

Selection of dCas9-activator expression plasmids 

For the activation of target genes, we used dCas9-

based transcriptional activators. The following expression 

plasmids were obtained from Addgene 

(https://www.addgene.org/): dCas9-VP64 (#47107) (P. 

Perez-Pinera et al. 2013), dCas9-VP64-GFP (#61422) 

(Konermann et al. 2015), dCas9-VPR (#63798) (Chavez 

et al. 2015), and dCas9-p300 core (#61357) (Hilton et al. 

2015). These constructs were selected based on their 

distinct transcriptional activation mechanisms, allowing 

for a comparative evaluation of their efficiency in 

upregulating endogenous PDX1 and NGN3 expression. 

HEK293 cell culture and transfection 

HEK293 cells (Thermo Fisher Scientific, USA) were 

cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) (Capricorn, Germany) supplemented with 10% 

fetal bovine serum (FBS) (Biological Industries, Israel), 

1X non-essential amino acids (Gibco, USA) and 1X 

Antibiotic-Antimycotic (Biowest, France). HEK293 cells 

were seeded into 12-well plates at a density of 25000 cells 

per well 1 day before transfection. The cells were cultured 

in medium without antibiotics prior to transfection. 

Twenty ng of NGN3 or PDX1 gRNA plasmids were 

transfected using Lipofectamine 2000 (Life Technologies, 

USA), along with 200 ng of dCas9-VP64, dCas9-VPR or 

dCas9-P300, according to the manufacturer’s 

instructions. The medium was refreshed 24 h after 

transfection. RNA isolation was performed with TRIzol 

(Invitrogen, USA) 48 h after transfection, according to the 

manufacturer’s instructions. Cells were grown for an 

https://www.addgene.org/
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additional 48 h before they were harvested for 

immunostaining. The estimated transfection efficiency 

was approximately 70% using 200 ng dCas9-VP64-GFP 

plasmid (Fig. S1). Transformation trials were conducted 

using various concentrations of dCas9-VPR, dCas9-p300, 

and dCas9-VP64 plasmids (10, 20, 50, 75, 100, 150, and 

200 ng). The highest transfection efficiency was observed 

at 200 ng (data not shown). Control experiments were 

performed using HEK293 cells that were cultured under 

the same conditions but without transfection.  

Real-Time Quantitative PCR (RT-qPCR) 

Total RNA was extracted from cell samples using 

TRIzol reagent and reverse-transcribed into cDNA using 

the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, 

USA). For each quantitative RT-qPCR reaction, 200 ng 

cDNA were used as a template in a 10μl reaction system 

with iTaq™ Universal SYBR® Green Supermix (Bio-

Rad Laboratories, USA). Quantitative RT-PCR was 

performed with the LightCycler® 96 thermal cycler 

(Roche Applied Science, Germany), using the following 

conditions: initial denaturation at 95°C for 10 min, 

followed by 45 cycles of 95°C for 15 s, and 60°C for 60 s 

with fluorescence acquisition, followed by a standard 

melting curve stage. The measured transcript levels were 

normalized to GAPDH levels, and all samples were 

analyzed in triplicate. The primers used for RT-qPCR 

analysis are listed in Supplementary Material Table S3. 

RT-qPCR was performed as described above. As a 

negative control, HEK293 cells were used without any 

transfection. The data are presented as Log2 (relative 

expression to GAPDH), which allows for a clearer 

representation of fold changes in gene expression relative 

to the control group. This approach simplifies the 

visualization of gene expression changes, particularly in 

cases of increased or decreased expression compared to 

the negative control. 

Immunostaining 

The cell culture medium was removed 48 h after 

plasmid transfection. HEK293 cells were washed three 

times with 1X PBS. The cells were fixed with 10% (v/v) 

formalin for 20 min at room temperature. After 

incubation, the formalin was removed, and the cells were 

washed three times with 1X PBS, each wash lasting 5 min. 

Next, the cells were permeabilized by adding 0.2% (v/v) 

PBS-TritonX-100 and incubating for 15 min at room 

temperature. After incubation, the cells were washed three 

times with 0.1% (v/v) PBS-Tween 20, each wash lasting 

5 min. Following the washing, 5% (w/v) PBS-Tween 20-

BSA was added, and the cells were incubated for 2 h at 

room temperature. After incubation, the cells were 

washed three times with 0.1% (v/v) PBS-Tween 20 for 5 

min each. The primary antibodies Rabbit polyclonal anti-

PDX1 (1: 2000 dilution; Abcam, UK), Rabbit polyclonal 

anti-NGN3 (1: 200 dilutions; Abcam, UK), and Rabbit 

monoclonal anti-Insulin (1: 300 dilution; Abcam, UK) 

were used. The antibodies were incubated overnight at 

4°C. Following incubation, the primary antibodies were 

removed by washing the cells three times with 0.1% (v/v) 

PBS-Tween 20 (v/v) for 5 min each. The secondary goat 

anti-rabbit IgG antibody was prepared in 1% PBS-Tween 

20-BSA solution at a 1:400 dilution and added to each 

well. The nucleic acid stain, antibodies, and their dilution 

ratios used in immunofluorescence staining are listed in 

Table S4. The cells were incubated for 1 h at room 

temperature. After incubation, the secondary antibody 

was removed by washing the cells three times with 0.1% 

(v/v) PBS-Tween 20 for 5 min each. Hoechst dye was 

prepared at a 1:400 dilution in 1% PBS-Tween 20-BSA 

solution, added to each well, and incubated for 20 min at 

room temperature. After incubation, the cells were 

washed three times with 1X PBS. Finally, 1X PBS was 

added to the cells, and images were captured using a Leica 

DMi8 inverted microscope (Leica DMi8, LASX 

Software).  

Statistical analysis 

In the transfection experiments, HEK293 cells were 

transfected at three different time points to assess 

experimental conditions. For each time point, three 

independent biological replicates were performed, each 

with three technical replicates. Biological replicates 

represent separate experiments using distinct samples, 

while technical replicates are repeated measurements 

from the same sample to assess precision. This design 

accounted for both technical and biological variability, 

ensuring reliable results. Statistical analyses were 

performed on the averages of independent experiments. 

An unpaired two-tailed Student’s t-test was used for 

comparisons between two groups, with significance set at 

p < 0.05. Data are presented as mean ± SEM (n=3). 

Results 

dCas9-Transactivator and gRNA Optimization for 

PDX1 gene activation 

Each of the ten gRNAs specific to PDX1 was 

introduced separately into the cells, along with the dCas9-

VP64, dCas9-VPR, and Cas9-p300. The effects of each 

gRNA on gene expression were assessed using RT-qPCR. 

Fig. 1 shows that the PDX1 gene is active in compared to 

the control group. Among the 10 gRNAs tested, gRNA1, 

gRNA2, gRNA7, and gRNA9 were most effective in 

activating the PDX1. These gRNAs also meet the criteria 

established in the gRNA optimization and design 

experiments conducted (Graf et al. 2019, Wang et al. 

2019). 

The four optimal gRNAs were selected for activation 

experiments of the PDX1 using dCas9 activator 

complexes. Among these complexes, the VPR activator 

showed the highest activation level compared to the 

control group, as shown in Fig. 1d. The simultaneous 

application of the four gRNAs targeting PDX1 resulted in 

a 19-fold increase in gene expression with VPR and a 3.9-

fold increase with VP64. 

The transfections were performed using 200 ng of the 

dCas9-activator plasmid and 20 ng of each gRNA (**p < 

0.005, ****p < 0.0001).  
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Fig. 1. Upregulation of the PDX1 expression in HEK293 cells by a. dCas9-VP64, b. dCas9-VPR, c. dCas9-p300, and d. optimal 4 gRNA 

activators. The relative expression levels were measured by RT-qPCR 48 h after transfection. Data represents mean ± SEM, n=3 

independent transfections. 

 

Fig. 2. The promoter region of PDX1, which spans from -250 to +1 base pairs, is considered crucial for the regulation of gene 

expression. 

Once the optimal gRNAs were identified, an 

examination was conducted using the Eukaryotic 

Promoter Database (Dreos et al. 2017, Database 2025) to 

determine if any regulatory regions influencing gene 

activity were present near the locations of these gRNAs. 

Based on this investigation, we found that gRNA1 is 

associated with a region containing a transcription factor 

motif, GC box, and transcription factor binding motif. 

Similarly, gRNA2 is linked to a region containing the 

initiator motif. Furthermore, RNA7 binds to a region 

containing the GC box. Fig. 2 illustrates that no 

discernible motif or specific region was identified for 

gRNA9. 

dCas9-Transactivator and gRNA Optimization for 

NGN3 gene activation 

Each of the 8 gRNAs identified for the NGN3 gene 

was separately introduced into the cells using dCas9-

VP64, dCas9-VPR, and Cas9-p300. The effect of each 

gRNA on gene expression were assessed using RT-qPCR. 

Fig. 3 demonstrates that the NGN3 gene is active in 

compared to the control group. Out of the 8 gRNAs, 

gRNA1, gRNA2, gRNA4, and gRNA7 were optimal for 

activating the NGN3. The simultaneous application of 

these four NGN3-targeting gRNAs resulted in a 256-fold 

increase in gene expression with VPR, a 35-fold increase 

with p300, and a 3-fold increase with VP64. The gRNAs 
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also met the criteria established in the gRNA optimization 

and design experiments conducted by Graf et al. (2019) 

and Wang et al. (2019). Activation assays were conducted 

using dCas9 activator complexes with the four optimal 

gRNA sequences identified to activate the NGN3. The 

results showed that the VPR activator exhibited the 

highest level of activation compared with the control 

group (Fig. 3d). The VPR activator enhanced the affinity 

of transcription factors for the promoter regions of NGN3, 

which is specifically recognized by four gRNAs. As a 

result, transcription is initiated and, gene expression is 

enhanced.  

The absence of statistically significant activation 

observed for individual gRNAs implies that these gRNAs 

may not precisely bind to the promoter region of the target 

gene, or even if they do bind, they may not effectively 

recruit transcription factors and activate transcription. The 

presence of four gRNAs causing excessive activation 

indicates that these gRNAs have the potential to bind to 

distinct sections of the promoter region of their target 

genes.  

 

Fig. 3. Upregulation of the NGN3 gene in HEK293 cells by a. dCas9-VP64, b. dCas9-VPR, c. dCas9-p300, and d. optimal 4 gRNA 

activators. The relative expression levels were measured by RT-qPCR 48 h after transfection. Data represents mean ± SEM, n=3 

independent transfections. The transfections were performed using 200 ng of the dCas9-activator plasmid and 20 ng of each gRNA (*p 

< 0.05, ***p < 0.0005, ****p < 0.0001). 

 

Fig. 4. The regulatory elements within the promoter region of NGN3, specifically spanning from -250 to +1 base pairs, are considered 

to play a critical role in the modulation of gene expression. 
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Fig. 5. Activation results of important pancreatic genes. a. Expression of the PDX1, NGN3, MAFA, and INS genes, b. activation of the 

NKX2.2, NKX6.2, PAX4, GLUT2, and KIR6.2 genes from important pancreatic genes. Data represents mean ± SEM, n = 3 independent 

transfections. The transfections were performed using 200 ng of the dCas9-activator and 20 ng of each gRNA (*p < 0.05, **p < 0.005, 

***p < 0.0005, ****p < 0.0001). 

This leads to more efficient recruitment of 

transcription factors and the initiation of transcription.  

Once the optimal gRNAs were identified, an 

examination was conducted using The Eukaryotic 

Promoter Database (Dreos et al. 2017, Database 2025) to 

discover if there were any regulatory areas influencing 

gene activity in the vicinity of the gRNAs. The results 

revealed that gRNA4 attaches to the region encompassing 

the TATA box and CCAAT box, and is located near the 

regions where gRNA2 binds to the GC box. Additionally, 

gRNA7 binds to both the CCAAT box and GC box 

regions (Fig. 4). 

Synergistic Activation of PDX1 and NGN3 Genes 

Using CRISPR-dCas9 System with Optimized gRNAs 

Four gRNA sequences were identified for the 

activation of PDX1 and NGN3. These gRNA sequences 

were then introduced into cells along with the dCas9-

VPR, dCas9-p300, and dCas9 VP64 activators. The 

expression levels of crucial cellular genes were 

subsequently analyzed. Co-transfecting these 8 gRNAs 

demonstrated a synergistic effect on gene activation. The 

combination of 8 gRNA with the VP64 activator for 

PDX1, and the VPR activator for NGN3 yielded the 

highest level of activation, as shown in Fig. 5a. The INS 

gene exhibited the greatest significant activation when 

using 8 gRNAs and p300 activators. Activation of the 

PDX1 and NGN3 genes using 8 gRNA and VP64 

activators resulted in the highest level of activation of the 

MAFA, NKX6.2, PAX4, GLUT2, and KIR6.2 genes, as 

shown in Fig. 5b. These genes are responsible for the 

distinctive characteristics of pancreatic β cells. The 

upregulation of these genes enhances the process of cell 

differentiation into β cells. Fig. 5 shows a substantial 

increase in the expression of these genes compared with 

the control cells. 

Immunostaining 

Gene expression was demonstrated by transfecting 

HEK293 cells with 20 ng of gRNA plasmid and 200 ng of 

dCas9-activator plasmid using anti-PDX1, anti-NGN3, and 

anti-Insulin antibodies. The CRISPR/dCas9 activation 

mechanism induced the expression of endogenous PDX1 

and NGN3, resulting in the localization of endogenic 

proteins in the nucleus (Figs 6, 7). 
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Fig. 6. Anti-PDX1 (green) and Hoechst (blue) immunostaining results after activation of the PDX1 gene using 4 gRNA and the dCas9-

VPR plasmid. Scale bars represent 100 µm. 

  

Fig. 7. Immunocytochemical analysis of NGN3 in HEK293 cells 72 h after transfection with dCas9-VPR activator and NGN3 targeting 

4 gRNAs. Anti-NGN3 (green), Hoechst (blue). Scale bars represent 100 µm. 

  

Fig. 8. Immunocytochemical analysis of INS in HEK293 cells 72 h after transfection with dCas9-VPR activator and 8 gRNAs targeting 

PDX1 and NGN3. Insulın (green), Hoechst (blue), and scale bars represent 100 µm. 
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Immunocytochemical staining for insulin in HEK293 

cells 72 h post-transfection using the dCas9-VPR activator 

system and 8 gRNAs designed to target the PDX1 and 

NGN3 genes. The cells were stained with an anti-Insulin 

antibody to visualize the expression of insulin. The results 

show significant insulin expression in cells transfected with 

the dCas9-VPR activator and gRNAs targeting PDX1 and 

NGN3, compared with the control group, which exhibits 

minimal to no insulin expression. This indicates that the 

activation of the PDX1 and NGN3 genes via the dCas9-

VPR system effectively induces insulin (INS) expression in 

HEK293 cells, highlighting the potential of this approach 

for gene activation studies aimed at generating pancreatic β 

cell-like cells. 

Discussion 

In this study, dCas9-based activator complexes were 

used to evaluate the activation of the NGN3 gene using 

different gRNAs. The HEK293 cell line is an ideal model 

for CRISPR/dCas9-based gene activation due to its high 

transfection efficiency and sensitivity to genetic 

modifications. Its rapid proliferation and ease of culture 

ensure a stable environment for long-term experiments, 

allowing for effective evaluation of gene activation. Low 

basal expression levels facilitate clear observation of 

transcription factor activation, such as PDX1 and NGN3, 

while supporting reliable results in immunofluorescence 

and RT-qPCR analyses. These features make HEK293 a 

robust model for optimizing gene regulation strategies 

that induce β-cell differentiation . Our findings emphasize 

the critical role of gRNA selection, transcription factor 

recruitment, and promoter structure in gene activation. 

Among the eight gRNAs tested, gRNA1, gRNA2, 

gRNA4, and gRNA7 were identified as the most effective. 

Activity was assessed by measuring NGN3 gene 

expression levels using RT-qPCR and comparing 

transcriptional increases achieved with activator 

complexes. Additionally, the binding sites within the 

promoter region and transcription factor recruitment were 

also analyzed. When used alone, gRNAs did not result in 

significant transcriptional activation, but the combination 

of these four gRNAs, particularly when used with the 

VPR activator, led to a 256-fold increase in NGN3 

expression. A 35-fold increase was observed with the p300 

activator, and a 3-fold increase was observed with VP64. 

Analysis of the binding sites within the promoter region 

revealed that gRNA4 was located near the TATA box and 

CCAAT box. These elements are critical for initiating 

transcription, and gRNAs binding near these regions are 

thought to effectively recruit transcription factors, 

increasing RNA polymerase II binding. In contrast, gRNA1 

and gRNA2, which bind to the GC box, exhibited relatively 

lower activation potential. This suggests that while the GC 

box can initiate transcription, TATA and CCAAT boxes 

offer higher activation efficiency. 

In studies evaluating the activation of the PDX1 gene, 

the effectiveness of various gRNAs and their binding 

regions to transcription factors were analyzed. RT-qPCR 

results showed that gRNA1, gRNA2, gRNA7, and 

gRNA9 achieved the highest activation of PDX1 

expression. Notably, gRNA1 and gRNA2 were associated 

with motifs like the GC box and the promoter motif, 

which play significant roles in transcriptional regulation. 

The presence of these motifs indicates that the 

corresponding gRNAs can enhance transcriptional 

efficiency by recruiting transcription factors to the target 

region. On the other hand, the effect of gRNA7, which 

includes a GC box but lacks a notable motif, is likely 

mediated through chromatin structure modulation or 

indirect mechanisms. When dCas9 activator complexes 

were tested, the highest activation of PDX1 expression 

was achieved by the VPR system, resulting in a 19-fold 

increase. The VP64 activator also provided significant 

activation, although at a lower level (3.9-fold) compared 

to VPR. However, a combination of multiple gRNAs with 

the dCas9-p300 activator complex did not lead to a 

significant improvement in PDX1 expression. This may 

be due to the more limited transcriptional activation 

capacity of p300 compared to VPR. 

The concurrent activation of PDX1 and NGN3 genes 

resulted in the upregulation of pancreatic β-cell-related 

genes, suggesting that CRISPR-based gene activation 

could promote β-cell differentiation. Our findings indicate 

that the use of multiple gRNAs produces a synergistic 

effect in enhancing gene activation. The combination of 

VP64 for PDX1 and VPR for NGN3 provided the 

strongest gene expression, highlighting the critical role of 

activator selection in optimizing gene expression. 

Additionally, p300 was observed to be particularly 

effective in enhancing the expression of the INS gene, 

which is thought to be related to its role in histone 

acetylation and chromatin remodeling. These results 

support the idea that targeted epigenetic modifications can 

significantly improve the transcriptional environment in 

somatic cells. Furthermore, the upregulation of key β-cell 

markers such as MAFA, NKX6.2, PAX4, GLUT2, and 

KIR6.2 indicates that CRISPR activation not only 

activates PDX1 and NGN3 genes but also triggers critical 

genetic programs essential for pancreatic β-cell 

development. 

Immunohistochemistry analysis confirmed that the 

combination of dCas9-VPR and the target gRNAs 

successfully increased PDX1 and NGN3 protein 

expression in HEK293 cells, leading to a significant rise 

in insulin expression. These findings validate the 

specificity of cellular reprogramming and suggest that 

CRISPR/dCas9 activation could be an effective method 

for acquiring pancreatic β-cell features. However, 

functional evaluations of the β-cell-like cells are required. 

For these evaluations, it is recommended to validate the 

insulin production levels using Western blot analysis, 

assess cellular glucose sensitivity through static glucose 

stimulation tests, and analyze cellular response 

mechanisms such as calcium flux. Additionally, 

evaluating the phenotypic stability of the cells under long-

term culture conditions will be critical to understanding 

the functional continuity of the generated β-cell-like cells. 
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Future studies should include validation of insulin 

production using Western blot analysis, assessment of 

glucose sensitivity, and investigation of long-term 

stability. Moreover, conducting similar experiments in 

other cell lines like INS-1, HP62, and HP74 will help 

ensure the broader biological relevance of these findings. 

The gRNAs identified in our study, along with the dCas9 

activators we compared, make significant contributions to 

gene activation and cell differentiation studies. In 

conclusion, CRISPR/dCas9-based approaches hold great 

potential for cellular reprogramming and β-cell 

regeneration, and these methods could provide valuable 

insights for future biomedical applications. 
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Abstract: Some fungal species are known to have adverse health effects for humans and their 

presence in water systems may lead to alterations in the taste and odour of the water they occupy. 

Although a few country-based regulations are known, no universal legal restriction on the 

presence of fungi in drinking or utility water is present currently. Waterborne fungi have been 

a neglected part of microbial studies worldwide, and more sudies are needed in the current era 

of global warming. This study was performed to evaluate (i) the fungal load in randomly 

selected residential water systems connected to the municipal water supply in Istanbul, Türkiye, 

and (ii) the possible impact of water temperature on the number and biodiversity of fungi. 

Additionally, the relationship between bacterial loads, some water parameters and the 

determined fungi were investigated. Cold and hot water samples were taken from 20 randomly 

selected buildings in Istanbul and inoculated into SDA using the membrane filtration method 

for fungal isolation, and onto R2A and Candida Agar using the spread plate method for bacterial 

and Candida isolation, respectively. More microorganisms were detected in cold water samples 

than in hot water. The mean fungal and bacterial numbers in cold and hot water samples were 

2.4, 1.47, 702.3 and 79.5 cfu/100 mL, respectively. No Candida was found. It was determined 

that temperature affected the biodiversity and frequency of fungi. Penicillium (41%) and 

Aspergillus (43.75%) were the dominant fungal genera in cold and hot water, respectively. 

Aspergillus versicolor was the most common fungal species found in both water samples. 9 of 

fungi were identified that are known to have the potential to cause allergies and/or opportunistic 
infections. No relationship was detected between fungal growth and pH and chlorine.  

Özet: Bazı mantar türlerinin insanlar için olumsuz sağlık etkileri olduğu bilinmektedir ve su 

sistemlerinde bulunmaları, bulundukları suyun tadında ve kokusunda değişikliklere yol açabilir. 

Birkaç ülke bazlı yasal düzenleme bilinmesine rağmen, şu anda içme veya kullanma suyunda 

mantar varlığına ilişkin evrensel bir yasal kısıtlama bulunmamaktadır. Su kaynaklı mantarlar, 

dünya çapında mikrobiyal çalışmaların ihmal edilmiş bir parçasıdır ve küresel ısınmanın 

yaşandığı günümüzde daha fazla çalışmaya ihtiyaç duyulmaktadır. Bu çalışma, (i) İstanbul, 

Türkiye'deki belediye su şebekesine bağlı rastgele seçilmiş konut su sistemlerindeki mantar 

yükünü ve (ii) su sıcaklığının mantar sayısı ve biyolojik çeşitliliği üzerindeki olası etkisini 

değerlendirmek için gerçekleştirilmiştir. Ek olarak, bakteri yükleri, bazı su parametreleri ve 

belirlenen mantarlar arasındaki ilişki araştırılmıştır. İstanbul'da rastgele seçilmiş 20 binadan 

soğuk ve sıcak su örnekleri alınmış ve mantar izolasyonu için membran filtrasyon yöntemi 

kullanılarak SDA'ya, bakteri ve Candida izolasyonu için sırasıyla yayılmış plaka yöntemi 

kullanılarak R2A ve Candida Agar'a ekimleri yapılmıştır. Soğuk su örneklerinde sıcak sudan 

daha fazla mikroorganizma tespit edilmiştir. Soğuk ve sıcak su örneklerindeki ortalama mantar 

ve bakteri sayıları sırasıyla 2,4, 1,47, 702,3 ve 79,5 cfu/100 mL olarak bulundu. Candida 

bulunamadı. Sıcaklığın mantarların biyoçeşitliliğini ve sıklığını etkilediği belirlendi. Soğuk ve 

sıcak suda sırasıyla baskın mantar cinsleri Penicillium (%41) ve Aspergillus (%43,75) idi. Her 

iki su örneğinde de en sık bulunan mantar türü Aspergillus versicolor idi. Alerji ve/veya fırsatçı 

enfeksiyonlara neden olma potansiyeli olduğu bilinen 9 mantar türü tanımlanmıştır. Mantar 

üremesi ile pH ve klor arasında bir ilişki saptanmamıştır. 

 

Introduction

Mains water, also known as tap or municipal water, is 

supplied to homes, hospitals, and schools, through a 

network of pipes and treatment plants maintained by city 

managements. It is a prerequisite to treat and process this 

type of water supply to make it biologically safe for various 

usage purposes including drinking, cooking, bathing and 
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cleaning (Provincial Health Directorate of Istanbul, 2022). 

Studies addressing the microbial load of man-made water 

systems showed the presence of various bacteria and fungi 

of health concern in high numbers in these systems 

connected to the mains water supply (Hageskal et al. 2006, 

Kadaifçiler & Çotuk 2014). It is therefore crucial to monitor 

the mains water to prevent microbial contamination, 

particularly for presence of agents with the potential to have 

adverse effects on human health. The direct or indirect use 

of contaminated water in various ways, and inhalation of 

aerosols causes serious health problems and may even 

result in death over time (Babič et al. 2017). For this reason, 

it is essential to determine presence of a contamination in 

the mains water and microorganism responsible for the 

contamination. Although studies conducted on water 

systems have mainly focused on bacterial contamination 

(Zacheus & Martikainen 1995), the importance of fungal 

biocontamination has also been reported (Anaissie et al. 

2002). 

Fungi naturally live in soil and air environments, but 

they can also grow in aquatic systems. Some fungal 

species have developed an adaptation to grow in man-

made water systems. In these systems, fungi can either be 

found in planktonic status in the water body, or they can 

be sessile in the biofilm layer. After increasing their 

colony number in the biofilm, they can break off from the 

biofilm layer and mix with the water (Kadaifçiler & 

Çotuk 2014, Babič et al. 2017). The initial 

contamination problems caused by fungi in mains water 

were identified in the 1960s and 1970s, and many fungal 

genera, mainly Aspergillus, Penicillium, Fusarium, 

Acremonium, Arthroderma, Candida, Cladosporium, 

Chaetomium and Phialophora have been detected in 

water systems (Hapçıoğlu et al. 2005, Hageskal et al. 

2006, Kanzler et al. 2007, Kadaifçiler & Çotuk 2014, 

Babič et al. 2017, Kadaifçiler & Demirel 2018). The 

water contaminated with fungi can lead to adverse 

human health and environmental effects (Burman 1965, 

Bays et al. 1970). Fungi in water systems can cause 

various diseases, including invasive infections (i.e. 

aspergillosis and endocarditis) as well as superficial 

diseases (i.e. keratitis and otomycosis). Besides their 

potential health risks, some microfungi such as 

Chaetomium globosum can cause taste and odor 

problems in water (Alangaden 2011). 

Studies on water supply systems have mainly focused 

on cold water systems (Hapçıoğlu et al. 2005, Hageskal et 

al. 2006, Kanzler et al. 2007, Kadaifçiler & Çotuk 2014, 

Kadaifçiler & Demirel 2018). There are only a limited 

number of studies that have investigated fungal loads in 

both cold and hot water systems simultaneously (Anaissie 

et al. 2002, Figueiredo Fonseca et al. 2010, Hayette et al. 

2010). It is worth to mention that the water safety is 

traditionally monitored mainly by bacterial parameters 

that indicate faecal contamination. Therefore, the number 

of studies investigating fungal contamination is 

comparatively lower than that of bacterial contamination 

(Ma et al. 2015). 

Temperature is an important parameter that affects the 

presence, diversity and distribution of microorganisms in 

water environments. With the climate changes affecting 

all ecosystems due to global warming, studies on fungi in 

freshwater have also accelerated. Global warming is 

expected to significantly affect nutrient and carbon cycles 

in ecosystems by changing the diversity, structure and 

activities of fungal communities (Hyde et al. 2016). 

Studies on fungal metabolism to temperature change often 

reach contradictory and location-specific results (Canhoto 

et al. 2016). Preciado et al. (2021) observed that 

temperature caused more dramatic changes in the fungal 

community in biofilm compared to tap water, such as loss 

of fungal diversity.  However, certain fungal genera have 

been reported to become dominant and the number of 

opportunistic pathogenic bacteria increased with high 

temperatures.  It has been concluded that the increased 

abundance of these microorganisms in water due to high 

temperatures is an undesirable situation as it may lead to 

health problems (Zacheus & Martikainen 1995).  

The aim of this study is to investigate (i) the presence 

and concentration of fungi in residential water systems 

linked to a municipal water supply and (ii) the effect of 

water temperature variation on the quantity and 

biodiversity of fungi. In addition, the relationship between 

the presence of aerobic bacteria, water parameters, 

buildings’ properties and the presence of fungi were also 

investigated. The findings of this research could be 

contribute to our understanding of the microbial 

composition and potential risks associated with water 

quality in residential water systems. 

Materials and Methods 

Water Sampling 

A total of 40 water samples, 20 hot water and 20 cold 

water, were collected from 20 randomly selected 

residences in Istanbul, Türkiye. Samples were collected in 

1 L sterile polypropylene bottles and were transferred to 

the laboratory in an insulated bag. Microbiological 

analyses were performed on the same day. The 

temperature, pH and free chlorine values of the samples 

were measured during samplings. The residences were 

multi-storey apartment buildings that are independent of 

each other, and only one flat in each apartment was 

sampled. 7 residences were on the Anatolian side and 13 

residences are on the European side of the city. Building 

information including the age of the residences, districts, 

pipe material, presence of water tank were also noted. 

The samples were taken from 15 different districts with 

the highest population density in Istanbul. There was no 

green area around the residences, and all of these residences 

were multi-story apartment buildings. The mean age of 20 

randomly selected houses in Istanbul is 24.6 years. In 85% 

of the residences, polyvinyl chloride (PVC) was used as the 

pipe (surface) material, while in the remaining residences, 

galvanized steel (GS) was used. Only 15% of the buildings 

had water tanks and it was reported that there was no 

regular disinfection for them (Table 1). 
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Table 1. The general information of 20 residences. 

Building 

Code 
District 

Building 

Age 

(Year) 

Pipe 

Material 

Presence of 

Water Tank 

A Kartal 15 GS Yes 

B Esenler 22 PVC No 

C Beylikdüzü 9 PVC Yes 

D Zeytinburnu 22 PVC No 

E Eyüpsultan 10 PVC No 

F Bahçelievler 22 PVC No 

G Eyüpsultan 7 PVC No 

H Şişli 55 GS No 

I Bahçelievler 20 PVC No 

J Küçükçekmece 14 PVC No 

K Avcılar 30 PVC No 

L Ümraniye 20 PVC No 

M Kartal 20 PVC Yes 

N Maltepe 33 PVC No 

O Şişli  20 PVC No 

P Pendik  29 PVC No 

R Kadıköy  45 GS No 

S Fatih  50 PVC No 

T Tuzla  27 PVC No 

U Zeytinburnu  22 PVC No 

 

Isolation and Counting of Microorganisms 

The membrane filtration method was performed for 

isolation and enumeration of fungi in the samples. 

Dilution series up to 10-3 were prepared for each sample. 

100 mL of water samples were taken directly from the 

sampling bottles and dilution series were filtered through 

nitrocellulose membrane filters (47 mm diameter, 0.45 

μm pore size, Millipore, UK) using membrane filtration 

device (Millipore, UK) in triplicates. Membrane filters 

were placed onto petri dishes containing Sabouraud 

Dextrose Agar (SDA) medium (Merck, Germany) 

supplemented with 500 mg streptomycine (Sammon et al. 

2011). The petri dishes of cold and hot water were 

incubated at 25 ± 2°C for 14 days and at 37°C for 30 days, 

respectively (Hapçıoğlu et al. 2005, Figueiredo Fonseca 

et al. 2010). At the end of the incubation period, the fungal 

counts in the water samples were determined and 

expressed as colony-forming unit per 100 ml of the water 

(cfu/100 mL). Fungal isolates with different 

macromorphological characteristics were determined to 

be pure and transferred to SDA media and after 7 days of 

incubation cultures were stored at +4°C. In addition, 

cryotubes containing pure fungal spores were frozen at -

86°C for the long-term storage of fungal isolates. 

For Candida yeast isolation and enumeration steps, 

concentrated samples were prepared. For this purpose, 

water samples (500 mL) were filtered separately through 

nylon membrane filters (47 mm diameter, 0.22 µm pore 

size) using the membrane filtration device (Millipore, 

UK). The concentrated samples were obtained after 

shaking the filters with 10 mL of sterile tap water for 1 

min in the stomacher device (IUL Instruments S.A.). 

Dilution series up to 10-3 were prepared for each sample. 

1 mL of original and diluted water samples were spread 

plated in triplicate onto Candida Agar plates. Petri dishes 

used for cold and hot water samples were incubated at 

30°C and 37°C, respectively, for 2 days. The growth in 

petri dishes was controled at the end of the incubation 

period. Incubation was extended to 30 days in case of no 

growth was observed (Hi-Media 2003, Kadaifçiler & 

Çotuk 2014). 

Bacterial plating was performed using R2A agar 

medium to determine the number of aerobic bacterial 

counts. Petri dishes of cold and hot water samples were 

incubated at 28°C and 37°C, respectively, for 7-14 days and 

then the counts were obtained (Leginowicz et al. 2018). 

Fungal Identification 

Pure fungal isolates were first identified at genus level. 

Fresh fungal cultures were inoculated into Malt Extract 

Agar (MEA) medium and incubated at 25 ± 2°C for 14 

days. Macroscopic properties of the colonies were 

examined under a stereo microscope and microscopic 

properties were examined using a light microscope 

(Barnett & Hunter 1999).  

For species-level identification of isolates of the genus 

Aspergillus, fresh cultures were inoculated into petri 

dishes containing Czapek Dox Agar (CDA), Czapek 

Yeast Extract Agar with 20% Sucrose (CY20S), Czapek 

Yeast Extract Agar (CYA) and MEA media. All petri 

dishes were incubated at 25°C for 7 days. Additional petri 

dishes containing CYA medium were incubated at 37°C 

for 7 days (Klich 2002, Sammon et al. 2010). At the end 

of the incubation period, colony properties (colony 

diameter, colony texture, colony/ colony reverse color, 

pigmentation, exudates, sclerotia) of the isolates were first 

determined. Then, preparates were prepared with 

lactophenol cotton blue dye from fungal cultures. 

Micromorphological properties (spore size, spore color, 

vesicle shape, stipe size, Hülle cell, ascospore, 

cleistothecia) were examined under light microscope. 

Identification of the isolates was carried out by comparing 

the defined characteristics of the fungi with the accepted 

identification key (Klich 2002). 

In order to identify isolates of the genus Penicillium at 

species level, fresh cultures were inoculated into petri 

dishes containing CYA, MEA, 25% Glycerol Nitrate 

Agar (G25N), Yeast Extract Sucrose Agar (YES) and 

Creatine Sucrose Agar (CREA) media. Petri dishes were 

incubated at 25°C 7 days. Additional petri dishes 

containing CYA medium were incubated at 5°C and 37°C 

for 7 days (Pitt 1979, Sammon et al. 2010). At the end of 

the incubation period, macromorphological 

characteristics of the isolates were observed. Then, fungal 

preparates stained with lactophenol cotton blue dye were 

examined under light microscope and 
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micromorphological characteristics (conidiophore 

branching patterns, metulae length, phialide shape, 

cleistothecium, spore size, spore color) were determined. 

Identification of the isolates was carried out by comparing 

the defined characteristics of the fungi with the 

universally accepted standards (Pitt 1979).  

For species-level identification of fungal isolates 

including Dematiaceous Hyphomycetes, fresh cultures 

were inoculted into Potato Dextrose Agar (PDA) plates. 

Petri dishes were incubated at 25°C for 14 days. The 

macro- and micromorphological characteristics were 

examined, and identifcations were performed according 

to Ellis (1971).  

Current names of fungi identified at genus or/and 

species level, as well as fungal authors, were standardized 

according to the “Index Fungorum Partnership” website 

(Hawksworth et al. 2011). The phyla of the identified 

fungi were updated according to the Mycobank website 

(http://www.mycobank.org/quicksearch.aspx). 

Statistical Analysis  

Statistical data were obtained using IBM SPSS 

Statistics software (version 29.0.0.0). The normal 

distribution of the arithmetic means was determined by 

the normality test and the confidence interval was 

accepted as p < 0.05. Since the number of subjects in both 

hot and cold water samples was below 30, the normality 

test was evaluated according to the Shapiro-Wilk method. 

It was determined that it did not show a normal 

distribution. Therefore, Non-parametric Mann-Whitney 

U test (among independent groups) was used to evaluate 

the difference in the mean numbers of fungi, aerobic 

bacteria in cold and hot water sample. Spearman 

correlation coefficients test was used to evaluate the 

relationship between fungi numbers in water samples, 

bacterial counts, water temperature, pH, free chlorine, age 

of residences, type of water systems and water tank. 

Significance level was accepted as p < 0.05. 

Results 

Water Parameters  

It has been determined that the temperatures of the 

cold water samples randomly collected from 20 

residences varied between 20°C and 25°C (the mean value 

was 21°C). The temperatures of the hot water samples 

were in the range of 40°C and 55°C (the mean value was 

46.7°C). The mean pH values of the cold and hot water 

samples were 6 and 7, respectively. Free chlorine values 

in cold water samples were determined to be in the range 

of 0.1-1 ppm (the mean value was 0.73), and free chlorine 

values in the hot water samples were determined to be in 

the range of 0.3-1 ppm (the mean value was 0.74). 

Microbial Enumeration 

Fungal growth was observed in 85% of cold and 45% 

of hot water samples (Table 2). The mean fungal counts 

in cold and hot water samples were 2.4 cfu/100 mL and 

1.47 cfu/100 mL, respectively. The highest fungal counts 

in cold and hot water samples were detected in residences 

A and B, respectively.  

Table 2. The mean microbiological counts in water samples of 

20 residences. 

Since the number of subjects in both cold and hot 

water samples was 20, the normality test was run 

according to the Shapiro-Wilk method (W = 0.803, p = 

0.001 for cold water), (W = 0.645, p = 0.001 for hot 

water), and no normal distribution was determined. 

According to Mann-Whitney U test, a difference was 

found between the mean numbers of fungi in cold and hot 

water samples (U = 120.000, p = 0.26). Fungal counts 

were found to be higher in cold water samples than in hot 

water ones (p < 0.05).  No Candida growth was observed 

in any of the water samples. 

 

Building 

Code 

Fungi Bacteria  

Cold Water 

(cfu/100 

mL) 

Hot Water 

(cfu/100 

mL) 

Cold Water 

(cfu/100 

mL) 

Hot Water 

(cfu/100 

mL) 

A 7.5 ± 6.36 2 ± 0 
3340 ± 

0.56 
260 ± 1.13 

B 5 ± 1.41 9 ± 2 0 ± 0 0 ± 0 

C 2 ± 1.41 1.5 ± 0.71 420 ± 1.97 0 ± 0 

D 2 ± 0 6 ± 0 0 ± 0 0 ± 0  

E 6.5 ± 0.71 0 ± 0 
106.6 ± 

0.56 
0 ± 0 

F 2 ± 0 0 ± 0 0 ± 0 600 ± 0.56 

G 1.5 ± 0.71 1 ± 0 40 ± 0 150 ± 0.42 

H 1 ± 0 0 ± 0 330 ± 1.27 0 ± 0 

I 0 ± 0 1 ± 0 0 ± 0 0 ± 0 

J 1 ± 0 6 ± 1.41 60 ± 0.28 60 ± 0.28 

K 2.66 ± 0.58 0 ± 0 70 ± 0.14 50 ± 0.4 

L 6 ± 0 0 ± 0 150 ± 0.89 0 ± 0 

M 3.5 ± 2.12 2 ± 0 
7920 ± 

1.13 
0 ± 0 

N 0 ± 0 0 ± 0 140 ± 0.28 0 ± 0 

O 1 ± 0 0 ± 0 0 ± 0 0 ± 0 

P 3.5 ± 0.71 1 ± 0 390 ± 0.98 0 ± 0 

R 1 ± 0 0 ± 0 0 ± 0 0 ± 0 

S 0 ±0 0 ± 0 0 ± 0 0 ± 0 

T 1 ± 0 0 ± 0 640 ± 11.3 240 ± 0.7 

U 1 ± 0 0 ± 0 440 ± 0.28 230 ± 0.7 

http://www.mycobank.org/quicksearch.aspx
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Bacterial growth was observed in 65% of cold and 

35% of hot water samples (Table 2). The mean bacterial 

counts in cold and hot water samples were 702.33 

cfu/100 mL and 79.5 cfu/100 mL, respectively. The 

highest bacterial counts in cold and hot water samples 

were detected in residence M and F, respectively. Since 

the number of subjects in both cold and hot water 

samples was 20, the normality test was run according to 

the Shapiro-Wilk method (W = 0.415, p = 0.001 for cold 

water), (W = 0.603, p = 0.001 for hot water), and no 

normal distribution was found. According to Mann-

Whitney U test, a difference was found between the 

mean numbers of bacteria in cold and hot water (U = 

130.500, p = 0.44). Bacterial counts were found to be 

higher in cold water samples than in hot water samples 

(p < 0.05). 

According to the Spearman correlation coefficients 

test, no significant correlation was detected between the 

fungal and bacterial numbers detected in cold (r = 0.313, 

p = 0.180) and hot (r = -0.50, p = 0.833) water samples 

(Tables 3, 4). 

In addition, a positive correlation was detected 

between the number of fungi in cold water samples and 

the presence of tanks (r = 0.482, p = 0.032).  A negative 

correlation was determined between the number of fungi 

in hot water samples and the buildings’ age (r = -0.460, p 

= 0.041).  No correlation was found between fungi and 

other parameters (pH, chlorine, pipe material) in both cold 

and hot water samples. 

Fungal Isolates 

A total of 60 fungal isolates were obtained, 44 from 

cold water and 16 from hot water samples (Fig. 1). The 

highest total isolate number in cold and hot water was in 

building B with 8. The highest numbers of fungal isolates 

(with 5 each) were determined in cold water samples of 

residences A, B, and K. The highest number of fungal 

isolates (3 each) in hot water samples were detected in 

residences B, C, and J.  

Table 3. Results of Spearman correlation analysis on the correlation between fungi in cold water and other parameters. 

Fungi in cold 

water 
 

Bacterial 

counts 
pH Chlorine Temperature 

Water 

Tank 

Building 

age 

Pipe 

material 

Spearman’s rho 
Correlation 

Coefficient 
0.313 0.243 -0.334 -0.014 0.482* -0.441 0.012 

 Sig. (2-tailed) 0.180 0.302 0.151 0.955 0.032 0.052 0.959 

 N 20 20 20 20 20 20 20 

 

Fig. 1. Number of microfungal isolates in cold and hot waters sampled in the residences. 
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Table 4. Results of Spearman correlation analysis on the correlation between fungi in hot water and other parameters  

Fungi in hot 

water 
 

Bacterial 

counts 
pH Chlorine Temperature 

Water 

Tank 

Building 

age 

Pipe 

material 

Spearman’s rho 
Correlation 

Coefficient 
-0.50 0.114 -0.259 0.082 0.000 -0.460* -0.080 

 Sig. (2-tailed) 0.833 0.632 0.270 0.730 1.000 0.041 0.738 

 N 20 20 20 20 20 20 20 

Table 5. The identified microfungi in all water samples. 

Building code Isolate Code Water Genus/Species 

A 

 

F1 Cold Penicillium chrysogenum Thom 1910 

F2 Cold 
Acremonium kiliense Current: Sarocladium kiliense (Grütz) 

Summerb, 2011 

F3 Cold Scopulariopsis asperula (Sacc.) S. Hughes 1958 

F4 Cold Penicillium aurantiogriseum Dierckx 1901 

F5 Cold Non-spore forming fungi 

F6 Hot Non-spore forming fungi 

F7 Hot Non-spore forming fungi 

B 

F8 Cold Penicillium chrysogenum Thom 1910 

F9 Cold Chaetomium globosum Kunze 1817 

F10 Cold Yeast 

F11 Cold Penicillium citrinum Thom 1910 

F12 Cold 
Eurotium amstelodami Current: Aspergillus amstelodami (L. Mangin) 

Thom&Church 1926 

F13 Hot Penicillium citrinum Thom 1910 

F14 Hot Penicillium raistrickii G. Sm. 1933 

F15 Hot Aspergillus versicolor (Vuill.) Tirab. 1908 

C 

 

F16 Cold 
Eurotium amstelodami Current: Aspergillus amstelodami (L. Mangin) 

Thom&Church 1926 

F17 Hot Aspergillus versicolor (Vuill.) Tirab. 1908 

F18 Hot Non-spore forming fungi 

F19 Hot Non-spore forming fungi 

D 

 

F20 Cold Penicillium expansum Link 1809 

F21 Cold Yeast 

F22 Hot 
Eurotium amstelodami Current: Aspergillus amstelodami (L. Mangin) 

Thom&Church 1926 

E 

 

F23 Cold Penicillium brevicompactum Dierckx 1901 

F24 Cold Aspergillus versicolor (Vuill.) Tirab. 1908 

F25 Cold Arthroderma sp. Curr. 1860 

F F26 Cold Penicillium brevicompactum Dierckx 1901 

G 

 

F27 Cold Aspergillus flavus Link 1809 

F28 Cold Chaetomium globosporum Rikhy & Mukerji 1974 

F29 Cold Chrysosporium inops J.W. Carmich. 1962 

F30 Hot Phialophora sp. Medlar 1915 

H F31 Cold Penicillium olsonii Bainier & Sartory 1912 

I F32 Hot 
Aspergillus niveus Current: Aspergillus neoniveus Samson, S.W. 

Peterson, Frisvad & Varga 2011 

J 

 

F33 Cold Penicillium chrysogenum Thom 1910 

F34 Cold Penicillium aurantiogriseum Dierckx 1901 

F35 Hot Aspergillus versicolor (Vuill.) Tirab. 1908 

F36 Hot Non-spore forming fungi 

F37 Hot Non-spore forming fungi 

K 

 

 

F38 Cold Penicillium expansum Link 1809 

F39 Cold Chaetomium globosum Kunze 1817 

F40 Cold Non-spore forming fungi 

F41 Cold Aspergillus versicolor (Vuill.) Tirab. 1908 

F42 Cold Non-spore forming fungi 

L 
F43 Cold Aspergillus versicolor (Vuill.) Tirab. 1908 

F44 Cold Penicillium expansum Link 1809 

M 

 

 

F45 Cold Aspergillus versicolor (Vuill.) Tirab. 1908 

F46 Cold Non-spore forming fungi 

F47 Cold Penicillium chrysogenum Thom 1910 

 F48 Hot Aspergillus versicolor (Vuill.) Tirab. 1908 
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Table 5. The identified microfungi in all water samples (Continued). 

Building code Isolate Code Water Genus/Species 

O 
F49 Cold Botrytis sp. Botrytis P. Micheli ex Pers. 1794 

F50 Cold Penicillium brevicompactum Dierckx 1901 

P 

 

F51 Cold Non-spore forming fungi 

F52 Cold Arthroderma flavescens R. G. Rees 1967 

F53 Cold Penicillium sp. Link 1809 

F54 Cold Non-spore forming fungi 

F55 Hot Aspergillus versicolor (Vuill.) Tirab. 1908 

R F56 Cold 
Monocillium humicola Current: Penicillium lagena (Delitsch) Stolk 

& Samson 1983 

T F57 Cold Penicillium restrictum J.C. Gilman & E.V. Abbott 1927 

U 

 

F58 Cold Penicillium brevicompactum Dierckx 1901 

F59 Cold Penicillium griseofulvum Dierckx 1901 

F60 Cold Non-spore forming fungi 

 

Fig. 2. Aspergillus versicolor a-e. Colony morphology after 7 days on CYA (25°C), CYA (37°C), MEA, CDA, and CY20S media, 

respectively, f. microscopic image of the conidial head at ×500 magnification, g-h. microscopic images of the hülle cells at ×1000 

magnification. 

Of the 60 fungal isolates obtained from the water 

samples, 96.6% were filamentous fungi and the others 

were yeasts. 21.6% of the fungal isolates were non-spore 

forming fungi. 45 filamentous fungal isolates belonged to 

11 different genera (Table 5). 

Penicillium was the most frequently isolated fungal 

genus in all water samples, constituting ~33.3%. 

Penicillium (41%) and Aspergillus (43.75%) were the 

most dominant fungal isolates in cold and hot water 

samples, respectively. Aspergillus versicolor was the 

most frequently isolated fungal species in all water 

samples (Fig. 2).  

Among the cold water samples, the most frequently 

isolated fungal species were Aspergillus versicolor 

(9.1%), Penicillium brevicompactum (9.1%), and 

Penicillium chrysogenum (9.1%). However, in hot water 

samples, Aspergillus versicolor (31.25%) was the most 

frequently isolated fungal species. 

Other fungi detected in water samples, according to 

their frequencies, were Eurotium amstelodami (current: 

Aspergillus amstelodami), Chaetomium globosum, 

Penicillium aurantiogriseum, Penicillium citrinum, 

Acremonium kiliense (current: Sarocladium kiliense), 

Aspergillus flavus, Aspergillus niveus (current: 

Aspergillus neoniveus), Arthroderma sp., Arthroderma 

flavescens, Botrytis sp., Chaetomium globosporum, 

Chrysosporium inops, Monocillium humicola (current: 

Penicillium lagena), Penicillium sp., Phialophora sp., 

Scopulariopsis asperula. 
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Discussion 

Water is of paramount importance in human daily life. 

Tap water should be free from any microorganism or 

substance, both likely to constitute a potential danger to 

human health. There is no standardization regarding fungi 

in the mains water in Türkiye. The World Health 

Organisation (WHO) states that pathogenic or allergenic 

microorganisms should not be present in tap water, but 

does not specifically address microfungi in water 

standards (WHO 2022). However, Czech Republic and 

Sweden are the two countries that included microfungi in 

their drinking water quality standards. According to the 

water quality standards of the Czech Republic, the mains 

waters may contain 50 individuals/mL of microorganisms 

(bacteria and fungi) (Czech Republic Ministry of Health, 

2004). Sweden has included fungi specifically in its water 

quality standards, allowing for 100 cfu/100 mL in mains 

waters (Swedish National Food Agency, 2001). However, 

the water quality standard is zero for fungi, 0 

individuals/L in Hungary (Ministry of Health Hungary, 

2001). Although fungi may not be specifically mentioned 

in water system standards of many countries, their 

presence should not be ignored due to their potential as 

opportunistic pathogens. in the present study, fungal 

numbers obtained in water samples of 20 residences 

included in the analysis were found to meet standards of 

both Czech Republic and Sweden. A general evaluation 

of data reported in former similar studies showed that our 

fungal counts are not high in comparison (Hapçıoğlu et al. 

2005, Hayette et al. 2010, Kadaifçiler & Demirel 2018). 

This suggests that routine processes carried out by the 

Istanbul Water and Sewerage Administration (IWSA), 

such as ozonation and sand filtration in the municipal 

water supply systems before chlorine application, may 

contribute to the prevention of fungal growth along with 

disinfection. 

According to the monthly water quality reports 

published by IWSA during our study period, the presence 

of enterococcus, Escherichia coli, Clostridium 

perfringens and coliform bacteria, which are pollution 

indicators in tap waters, was investigated in determining 

water quality, and no bacterial contamination caused by 

these bacteria was detected in water samples (IWSA, 

2022). Considering the bacteria counts in our study, it is 

thought that there may be a contamination in various ways 

in tap water systems known to have chlorine disinfection, 

as well as possible detachments from pipe surfaces, water 

tanks and also possible biofilm layers on shower heads. 

Bacteria and fungi passing into the water with these 

breaks may have caused the number and diversity of 

microorganisms in the water to be determined higher than 

they actually are during the collection of water samples. 

Chlorine is the most used disinfectant in water supply 

systems; it is effective against planktonic microbes but 

cannot penetrate biofilms (Kim et al. 2002). According to 

the monthly water quality reports of IWSA, there is quite 

high levels of chloride (28.76-170.18 ppm) in the mains 

water given from the facilities. Free chlorine levels in our 

water samples were low. Since chlorine is a volatile gas 

by its structure, the free chlorine in the mains water may 

decrease by being lost throughout the water system until 

it reaches the tap. Additionally, the presence of biofilms 

that may have formed along the pipeline of the water 

system can also trap chlorine in the water, leading to lower 

free chlorine levels being detected. The reduction in 

chlorine concentration caused by these factors might have 

been responsible for microbial growth in water samples. 

On the other hand, many microorganisms sensitive to 

chlorine can be easily eliminated from water even if the 

chlorine level is low. Although fungi were detected more 

than bacteria in both hot and cold water samples, fungal 

colony numbers were lower than bacterial colony 

numbers. This may suggest that bacteria are better 

adapted to oligotrophic water environments than fungi, 

and that the biofilm layer helps them in this adaptation by 

hosting them. As a matter of fact, it has been reported that 

fungi require longer time to take part in biofilms than 

bacteria and that they settle in the biofilm layer in a non-

homogeneous and loose manner (Goksay Kadaifciler et 

al. 2024). The biofilm works as a reservoir, and fungus 

may be transported intermittently to the water. Although 

no correlation was detected between fungi and bacteria in 

our study, it is suggested that there may be synergistic or 

antagonistic effects, depending on the species, between 

fungi and bacteria in settling in biofilms in water systems 

(Goksay Kadaifciler et al. 2024). In a biofilm 

investigation using fungi and bacteria species, researchers 

reported that bacteria with high growth rates and 

metabolic activity reduced fungal spore germination, 

potentially due to nutrient competition (Barros Afonso et 

al. 2020, 2021). Different studies found relationships 

between fungi and bacteria with different results. It has 

been suggested that fungi usually colonize pre-established 

bacterial biofilms and their different ecological 

requirements may lead to a positive relationship between 

these microorganisms. In cultivation processes, negative 

relationships have been reported due to direct competition 

between both fungi and bacteria for resources. These 

findings may be a result of several factors such as 

differences in the composition of microorganisms isolated 

from water systems or differences in methodologies 

(Barros Afonso et al. 2020, 2021). 

Cold water samples have a higher incidence of fungus 

than hot water samples, as shown in previous studies by 

Zacheus and Martikainen (1995) and Hayette et al (2010). 

This finding can be attributed to the decrease in dissolved 

oxygen levels in water as the temperature increases (Xing 

et al. 2014), creating an environment unfavorable for the 

existence of aerobic microorganisms. This situation can 

also be explained by the fact that the microorganisms in 

the water are sensitive to temperature and cannot increase 

their growth or survive. Microorganisms generally grow 

by feeding on organic matter that adheres to pipe surfaces 

in water systems in the presence of appropriate 

temperature and pH values. The type of the pipe materials 

can affect the ability of microorganisms to adhere 

depending on the roughness of their surfaces and the 

chemical components in their structure. Plastic pipes such 
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as PVC generally hold more water, and microorganism 

growth may be more common on such surfaces. The 

limited moisture retention capacity of metal surfaces and 

the fact that some metals may have antimicrobial 

properties may limit microorganism growth. However, it 

has been determined that microbial communities obtained 

from cast iron pipes are more stable than microbial 

communities obtained from non-ferrous pipe materials 

(Doggett 2000, Makris et al. 2014). Studies have stated 

that the type of pipe material may be associated with 

differences in the composition of microbial communities 

(Makris et al. 2014, Lee et al. 2021). It has been reported 

that fungi can also be present in water systems and can be 

included in the biofilm structure by interacting with the 

pipe surface material. These interactions may vary 

depending on the type of pipe surface material, 

environmental conditions (temperature, pH, etc.) and 

fungal species (Doggett 2000, Marangoni et al. 2013, 

Goksay Kadaifciler et al. 2024). For this reason, the 

relationship between these parameters mentioned above 

and fungi in water systems may differ for each study.  
Residence A, where the highest number of fungi were 

detected in cold water samples, has a water tank. The tank 

surface material is galvanized steel coated with zinc, and 

it is known that fungal biofilms form despite the toxic 

effect of zinc. It is known that sessile fungi can leave the 

biofilm over time and pass into water, causing the number 

of planctonic fungi to increase (Goksay Kadaifciler et al. 

2024). In addition, the low amount of free chlorine in both 

the cold water sample of residence A and the hot water 

sample of residence B may have caused the fungal 

disinfection to be insufficient, causing the number of 

fungi to be detected high. 

In water systems, filamentous fungi are more 

commonly encountered than yeasts. Yeasts require an 

optimum pH value of 4.5-5 that supports their growth and 

a high nutrient content, and they are more sensitive to 

chlorine than filamentous fungi. Mains water do not 

provide suitable environmental conditions for the growth 

of yeasts, as they have low nutrient content and pH values 

that fluctuate between 6-7 (Rosenzweig et al. 1983, 

Barnett & Hunter 1999). For these reasons, yeasts may be 

less isolated than filamentous fungi in all water samples. 

The genus Penicillium was found to be dominant in cold 

water samples. It has been reported that fungal spores are 

more resistant to chlorination compared to bacteria and 

yeasts (Rosenzweig et al. 1983). Also, Penicillium spores 

are more resistant to chlorination than other fungal genera 

and are frequently detected in water environments 

(Pereira et al. 2013). On the other hand, the genus 

Aspergillus was found to be dominant in hot water 

samples. Aspergillus has the ability to survive under 

various challenging environmental conditions such as 

high temperature and low oxygen content (Babič et al. 

2017), making Aspergillus spores to be commonly found 

in water systems (Richardson & Rautemaa-Richardson 

2019). Penicillium and Aspergillus are known to be 

commonly found in hot water samples. These fungi are 

able to adapt to high temperatures by developing heat-

resistant structures such as thick cell walls, which protect 

them from heat stress. Significantly these fungi have the 

ability to produce heat shock proteins, which help to 

protect them from the harmful effects of high 

temperatures (Tiwari et al. 2015). Aspergillus, 

Penicillium, Candida, and Fusarium that have been 

identified as pathogens, opportunistic pathogens, 

allergens, and toxigenic species have been found in man-

made water system (Warris et al. 2001, Alangaden 2011). 

Opportunistic pathogenic fungi are known to thrive in 

warm and humid environments. Several studies showed 

that high temperatures can increase the growth rate and 

virulence of these fungi, making them more pathogenic to 

humans and animals (Klich 2002). The presence of 

opportunistic pathogens in hot water samples have been 

linked to an increased risk of infections, such as 

respiratory infections, skin infections, and systemic 

infections, particularly in immunocompromised 

individuals (Anaissie et al. 2001, 2002).  

In the studies conducted on drinking and utility water 

connected to the mains water system in Türkiye, the focus 

has been on total and fecal coliform bacteria and 

pathogenic bacteria, which are important from a health 

standpoint. However, there are limited studies that 

investigate microbial load and diversity, including fungi. 

In one of these studies, which use the membrane filtration 

method, Penicillium spp., Aspergillus spp., and 

Acremonium spp. were detected in a hospital water system 

in Istanbul (Hapçıoğlu et al. 2005). Penicillium, 

Aspergillus, Cladosporium, and Paecilomyces were 

reported as dominant fungi in dental unit water systems 

connected to the mains water system in Istanbul 

(Kadaifçiler & Çotuk 2014). Similarly, in our study, it is 

noteworthy that Aspergillus and Penicillium, which are 

frequently detected in water samples, were also dominant 

in previous studies. Penicillium and Aspergillus spp. were 

identified as the predominant species among the 32 

different species found in a study investigating the fungal 

diversity in water samples obtained from houses, 

hospitals, and shopping centers connected to the 

municipal water supply system in Istanbul. Furthermore, 

Aspergillus species with mycotoxigenic properties were 

also reported (Kadaifçiler & Demirel 2018). The 

comparison of findings of our present study with the 

fungal diversity of water based samples reported in 

relevant literature showed the results obtained were 

similar in general. Hageskal et al. (2006) investigated the 

presence of fungi in drinking and mains waters in Norway 

using the membrane filtration method. They detected 30 

different fungal taxa, predominantly belonging to the 

Penicillium and Aspergillus genera. The fungi identified 

in our study, such as Acremonium sp., Botrytis sp., 

Chaetomium sp., Chaetomium globosum, Penicillium 

brevicompactum, Penicillium chrysogenum, Penicillium 

citrinum, Penicillium expansum, Penicillium olsonii, 

Penicillium raistrickii, Penicillium restrictum, 

Phialophora sp., and Scopulariopsis sp. were also present 

in the study of Hagestal et al. (2006). Kanzler et al. (2007) 

investigated the presence of filamentous fungi and yeasts 
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in drinking and main waters and groundwater in Austria. 

They identified 32 different taxa of fungi, predominantly 

Cladosporium spp. and Penicillium spp. which were also 

the dominant fungi in our study. Additionally, the 

identified species, including Aspergillus sp., Acremonium 

sp., and a small number of yeasts, were also present in our 

study. In this study, the identified fungi such as 

Acremonium kliense, Arthroderma sp., Aspergillus 

amstelodami, Aspergillus flavus, Aspergillus versicolor, 

Aspergillus niveus, Botrytis sp., Chaetomium globosum, 

Penicillium chrysogenum, Penicillium citrinum, 

Phialophora sp., and Scopulariopsis asperula are known 

to have allergenic and opportunistic pathogenic 

properties. Acremonium kliense, in particular, has gained 

clinical significance as it can cause systemic fungal 

diseases in immunocompromised individuals. 

Arthroderma sp. can lead to fungal infections on the skin. 

Aspergillus amstelodami, A. flavus, A. versicolor, and A. 

niveus can cause invasive aspergillosis. Botrytis sp., also 

known as a plant pathogen, is an allergen. Chaetomium 

globosum can cause respiratory tract infections, 

rhinocerebral infections, and infections on the skin and 

nails. Penicillium chrysogenum and P. citrinum can cause 

invasive infections (Babič et al. 2017). Phialophora sp. 

can lead to systemic infections such as endocarditis and 

keratitis, particularly in immunocompromised patients 

(Migrino et al. 1995). Scopulariopsis sp. can cause fungal 

infections on the nails and keratitis. 

The study shows that fungi, especially filamentous 

fungi, can be present in variable concentrations in 

building water systems and that temperature can change 

the number and diversity of fungi. In conclusion, analysis 

of water samples from building systems can reveal 

significant information about the microbial load, 

microbial community, and their effects on human health. 

Given the limited global research on waterborne fungi, 

especially in the context of climate change, further studies 

are necessary to understand the full scope of fungal 

contamination in water and its potential health impacts. 
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Abstract: This systemic study surveys the multifaceted nature of Astaxanthin (AXT), a 

member of carotenoid pigments broadly used in nutraceuticals and pharmaceuticals. Starting 

with an insight into its biological origin, the review proceeds to detail the complex chemical 

structure of AXT followed by considerations on its bioavailability, pharmacokinetics and 

safety as a dietary supplement. Foremost among these is the biological activities of AXT, 

especially its strong antioxidant activity which plays an important role in reducing oxidative 

stress (OS) damage to cells. The description of AXT as an anti-apoptotic and anti-

inflammatory cytokine indicates its important role in cell protection and chronic 

inflammation improvement. Additional studies emphasize positive anti-obesity and anti-

diabetic activities that could be exploited as therapy for metabolic disease. The review goes 

on to describe the immunomodulatory and neuroprotective effects of AXT, its role in 

cardiovascular protection, as well as hepatic health. The discussion of the anti-cancer activity 

of AXT is important, since it is related with its mechanisms for preventing and treating 

cancer. The broad perspective ends with an overview of the diverse biological activities of 

AXT, suggesting future research directions and its ability to be a multi-target ameliorator. 

Data compiled here aims to significantly help to improve knowledge on AXT, thus 

facilitating health and biomedical research progression. 

 

Özet: Bu sistematik çalışma, geniş çapta nutrasötiklerde ve farmasötiklerde kullanılan 

karotenoid pigmentlerinin bir üyesi olan Astaksantinin (AXT) çok yönlü doğasını 

incelemektedir. İncelemede, öncelikle AXT'nin biyolojik kökenine dair bilgiler sunulmakta, 

ardından karmaşık kimyasal yapısı detaylandırılmakta ve diyet takviyesi olarak 

biyoyararlanımı, farmakokinetiği ve güvenliği ele alınmaktadır. Bunların başında AXT'nin 

biyolojik aktiviteleri, özellikle oksidatif stresin hücrelere verdiği hasarı azaltmada önemli rol 

oynayan güçlü antioksidan aktivitesi gelmektedir. AXT'nin anti-apoptoz ve anti-

enflamatuvar sitokin olarak tanımlanması, hücre koruma ve kronik iltihaplanmanın 

iyileştirilmesindeki önemli rolünü göstermektedir. Ek çalışmalar, AXT'nin metabolik 

hastalıkların tedavisinde kullanılabilecek olumlu anti-obezite ve anti-diyabetik aktivitelerini 

vurgulamaktadır. Çalışma ayrıca AXT'nin immünomodülatör ve nöroprotektif etkilerini, 

kardiyovasküler korumadaki rolünü ve karaciğer sağlığı üzerindeki etkilerini ele almaktadır. 

AXT'nin anti-kanser aktivitesinin tartışılması önemlidir, çünkü bu, kanseri önleme ve tedavi 

etme mekanizmaları ile ilgilidir. Geniş kapsamlı perspektif, AXT'nin çeşitli biyolojik 

aktivitelerine genel bir bakış sunarak gelecekteki araştırma yönlerini ve çok hedefli bir 

iyileştirici olarak potansiyelini önermektedir. Bu derleme, AXT hakkındaki bilgileri önemli 

ölçüde geliştirmeyi, böylece sağlık ve biyomedikal araştırmaların ilerlemesine katkıda 

bulunmayı amaçlamaktadır.  

 

Introduction

Astaxanthin (AXT) is a lipid-soluble red-orange 

oxycarotenoid pigment belonging to the xanthophylls 

group of carotenoids, which also contains β-

cryptoxanthin, canthaxanthin, lutein, and zeaxanthin. 

AXT was first developed for aquaculture pigmentation 

purposes, and was approved as a food supplement in 

1991 due to the strength of its antioxidant properties, 

physiological effects and vitamin A precursor ability 
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shown in both rats and fish. The increasing need for 

natural AXT has attracted research interest particularly 

for human nutrition (Fakhri et al. 2018). Various sources 

like microorganisms, phytoplankton, marine animals, 

and seafood are natural providers of AXT. While wild 

salmon acquire AXT through the food chain, farmed 

salmon obtain their characteristic color from AXT feed 

supplements. Haematococcus pluvialis (Flotow), a 

green microalgae, is a prominent naturalsource of AXT 

for human consumption. Under stress conditions such as 

nitrogen deprivation, elevated salinity, and temperature 

fluctuations, Haematococcus pluvialis exhibits 

enhanced AXT accumulation. Other sources include the 

yeast Xanthophyllomyces dendrorhous (Phaff, Carmo 

Souza & Starmer), certain plants, fungi, microalgae, i.e. 

Chlorococcum (Geyler) species and Chlorella 

zofingiensis (Dönz), and the marine bacteria 

Agrobacterium aurantiacum (Sahin, Ladha & Young) 

(Sajilata & Singhal 2008). AXT shares structural 

similarities with β-carotene, having oxygen groups 

distinguishing it from other carotenoids. Its extended 

structure features polar ends and a nonpolar middle, with 

13 conjugated double bonds-unique properties 

contributing to its antioxidant efficacy and light 

absorption. AXT's hydroxyl and keto groups enhance its 

polarity and membrane functionality. This polar-

nonpolar-polar structure enables precise integration into 

cell membranes (Martínez-Cámara et al. 2021). AXT 

exhibits common carotenoid-related physiological and 

metabolic activities. It is present in micro-organisms and 

marine life as a xanthophyll carotenoid. It is a red, lipid-

soluble pigment that lacks pro-Vitamin A functionality 

within the human body. Nevertheless, certain studies 

have indicated that AXT exhibits greater biological 

efficacy compared to other carotenoids (Pérez-

Rodríguez et al. 2020). United States (US) Food and 

Drug Administration (FDA) has approvedAXT as an 

animal feed colorant, while the European Commission 

categorized it as a food dye. Haematococcus pluvialis, 

who accumulates AXT under stress conditions, is a 

primary human consumption source and also used for 

pigmentation in salmon, trout, and shrimp feed. AXT 

consumption offers preventive and therapeutic benefits 

for diverse disorders in humans and animals (Fig. 1). Its 

use as a supplement is burgeoning across various sectors 

including food industry, feeds, nutraceuticals, and 

pharmaceuticals (Ambati et al. 2014). In the present 

review, various biological sources, chemical profile and 

various pharmacological aspects of AXT are 

summarized. 

Biological Sources of AXT 

The sources of AXT found in nature encompass algae, 

yeast, aquatic organisms such as salmon, trout, krill, 

shrimp, and crayfish. Predominantly, commercially 

available AXT is obtained from the Phaffia yeast, 

Haematococcus microalgae, or synthesized chemically.  

 

Fig. 1. Graphical representation showing pharmacological 

activities of AXT. 

Among these, H. pluvialis stands out as a best natural 

source of AXT (Capelli et al. 2019). Among various 

species of wild salmon, the highest levels of AXT content 

have been recorded in sockeye salmon, ranging from 26 

to 38 mg/kg of flesh, while comparatively lower content 

has been observed in chum salmon. Farmed Atlantic 

salmon has been noted to contain around 6 to 8 mg/kg of 

flesh (Torrissen et al. 1995). Sizable trout derived source 

produce 6 mg/kg of flesh in the European market while 25 

mg/kg of flesh in the Japanese market. Dietary reservoirs 

of AXT encompass shrimp, crab, and salmon, with wild-

caught salmon standing out as a noteworthy natural 

source. Consuming 165 grams of salmon per day would 

yield approximately 3.6 mg of AXT. Alternatively, a daily 

supplement of 3.6 mg of AXT could potentially confer 

health benefits (Shah et al. 2023). The diversification of 

microorganism-derived AXT sources is outlined in Table 

1 and percentage content of AXT present in various 

biological sources are summarized in Fig. 2 (Ambati et al. 

2014). 

Chemical structure of AXT 

AXT possesses a distinct planar structure, featuring 

two terminal cyclic rings designated as ring A and ring B. 

Ring A, known as the β-ionone ring, forms a hexagonal 

framework accommodating asymmetrical carbon atoms at 

positions 3 and 3', each bonded to hydroxyl groups (-OH) 

(Fig. 3). These groups contribute to molecular reactivity 

and stereochemistry of AXT (Brotosudarmo et al. 2020). 

A polyene chain, composed of alternating single and 

double bonds, links the terminal rings. This chain contains 

conjugated double bonds, creating interconnected p-

orbitals responsible for AXT's light absorption and 

crimson coloration. The presence of additional functional 

groups in AXT depends on its molecular form, whether 

esterified or free. This intricate planar arrangement 

influences AXT's behavior in optics, chemistry, and 

biology. AXT's structural distinctiveness aligns with its 

classification as a xanthophyll. Its composition includes 

carbon, hydrogen, and oxygen (Seabra & Pedrosa 2010).  
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Table 1. Biological sources of AXT. 

Source 
Scientific/Common 

Name 
AXT Content Notes Reference 

Algae 
Haematococcus 

pluvialis 
High Microalgae known for producing high levels of AXT. 

 (Boussiba & 

Vonshak 1991) 

Algae Chlorella zofingiensis Moderate Green microalgae capable of synthesizing AXT. 
 (Ip & Chen 

2005)  

Algae Nannochloropsis sp. Low to Moderate 
Microalgae that can produce AXT under specific 

conditions. 

 (Fithriani et al. 

2019)  

Algae Isochrysis sp. Low to Moderate 
Microalgae capable of AXT production, often used in 

aquaculture. 

 (Crupi et al. 

2013)  

Algae Tetraselmis sp. Low Microalgae that can produce small amounts of AXT. 
 (Binti Ibnu 

Rasid et al. 2014)  

Algae Dunaliella salina Low Contains a mixture of carotenoids including AXT. 
 (Chen et al. 

2020)  

Algae  Chlorococcum sp. Moderate Green microalgae containing AXT pigment. 
 (Liu & Lee 

1999)  

Bacteria 
Agrobacterium 

aurantiacum 
Low Certain bacteria can be engineered to produce AXT. 

(Yokoyama & 

Miki 1995)  

Crustaceans Shrimp Moderate Shrimp accumulate AXT from their diet. 
 (Yaqoob et al. 

2022)  

Crustaceans Brachyura Moderate Certain crab species contain AXT due to their diet. 
 (Ribeiro et al. 

2001)  

Crustaceans Cambarus sp. Moderate Crayfish can possess AXT based on their food intake. 
 (Song et al. 

2024)  

Crustaceans Lobster Low to Moderate Some lobster species can contain AXT due to their diet. 
 (Wade et al. 

2005)  

Crustaceans Prawn Low to Moderate Prawns can accumulate AXT from their food sources. 
 (Zhang et al. 

2021)  

Fish Salmo salar 
Variable (high in 

sockeye) 

Wild salmonids, especially the sockeye salmon, acquire 

AXT from their diet. 

 (Ytrestøyl & 

Bjerkeng 2007)  

Fish Oncorhynchus mykiss High Large trout species are noted for their AXT content. 
 (Pulcini et al. 

2021)  

Fish Euphausiacea High Krill are an abundant source of AXT due to their diet. 
 (Ibrahim et al. 

1984)  

Fish Chum Salmon Low 
Chum salmon exhibit lower AXT content compared to 

other species. 
 (Kitahara 1983)  

Fish 
Atlantic Salmon 

(farmed) 
Moderate Farmed salmon's AXT levels are influenced by their diet. 

 (Storebakken et 

al. 1987)  

Fish Rainbow Trout Moderate 
Rainbow trout can accumulate AXT, especially when fed 

AXT-rich diets. 

 (Foss et al. 

1987)  

Fish Mackerel Low Certain fish species like mackerel can possess AXT.  (Roy et al. 2020)  

Fish Herring Low AXT content varies in different fish species. 
 (Bjerkeng et al. 

1999)  

Fungi 
Penaeus monodon 

baculovirus 
Low Used in genetic engineering for AXT synthesis. 

 (Supamattaya et 

al. 2005)  

Fungi 
Xanthophyllomyces 

dendrorhous 
High Yeast-like fungus used for commercial AXT production. 

 (Rodríguez-Sáiz 

et al. 2010)  

Fungi Phaffia rhodozyma High Anamorphic yeast known for its AXT-rich pigment. 
 (Mussagy et al. 

2023)  

Fungi Neurospora crassa Low 
Fungus capable of AXT production through genetic 

manipulation. 

(Gmoser et al. 

2017)  

Fungi 
Paracoccus 

carotinifaciens 
Moderate Bacterium capable of AXT production, used in research. 

 (Hayashi et al. 

2021)  
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Table 1. Biological sources of AXT (Continued). 

Source 
Scientific/Common 

Name 
AXT Content Notes Reference 

Fungi Blakeslea trispora Moderate 
Mucoralean fungus that can synthesize carotenoids, 

including AXT. 

 (Choudhari et al. 

2008)  

Insects Bombyx mori Low AXT synthesis achieved through genetic modification. 
 (Chieco et al. 

2019)  

Microalgae Chlamydomonas sp. Low to Moderate 
Green microalgae capable of AXT synthesis under certain 

conditions. 

 (Perozeni et al. 

2020)  

Microalgae Scenedesmus sp. Low to Moderate 
Microalgae that can produce AXT as part of their 

carotenoid profile. 

 (Aburai et al. 

2015)  

Microalgae Spirulina sp. Low Blue-green algae containing AXT in small quantities.  (An et al. 2017)  

Microalgae Botryococcus braunii Low to Moderate Green microalgae with potential for AXT production. 
 (Indrayani et al. 

2022)  

Microbes Escherichia coli Low Genetic engineering can enable AXT synthesis in bacteria. 
 (Park et al. 

2018) 

Yeast Phaffia rhodozyma High Widely used commercial source for AXT production. 
 (Sedmak et al. 

1990)  

Yeast 
Saccharomyces 

cerevisiae 
Low AXT production possible through genetic engineering. 

 (Ukibe et al. 

2009)  

 

Fig. 2. Biological sources containing AXT. Values were given based on dry weight. 

Structurally, AXT comprises paired terminal rings 

connected by a polyene chain. The β-ionone ring holds 

significance, hosting asymmetrical carbon atoms at 

positions 3 and 3', bonded to hydroxyl groups (-OH). This 

configuration is significant, leading to mono- and di-ester 

formations upon reaction with fatty acids. AXT's 

polymorphism is seen in stereoisomers and geometric 

forms, including liberated and esterified versions, found 

in natural sources (Yang et al. 2011). 

In nature, prominent stereoisomers include 3S, 3′S and 

3R, 3′R, synthesized by Haematococcus pluvialis and 

Xanthophyllomyces dendrorhous, respectively. Synthetic 

AXT comprises various isomers, including (3S, 3′S), (3R, 

3′S), and (3R, 3′R). 3R, 3′R is the dominant stereoisomer 

found in the Antarctic krill Euphausia superba primarily 

in esterified form. In wild Atlantic salmon, the prevailing 

form is 3S, 3′S, existing as the free form. The molecular 

formula AXT is C40H52O4, with a molar mass of 596.84 

g/mol. These insights reveal AXT's intricate structure and 

diverse forms, impacting its behavior and interactions 

across natural and synthetic realms (Sun et al. 2023). 
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Fig. 3. Chemical structure of AXT. 

Bioavailability, Pharmacokinetics and Safety of AXT 

Bioavailability 

Once released from the food matrix, carotenoids are 

amassed inside lipid droplets in gastric juices, where they 

are then incorporated into micelles. These micelles then 

diffuse into enterocyte plasma membrane. Carotenoids, 

such as AXT, are carried in circulation via high- and low-

density lipoproteins (HDL and LDL, respectively) (Liu et 

al. 2023). AXT and other carotenoids fate relies on their 

biochemical properties, whereas dietary and non-dietary 

factors affect their absorption. The content of 3–37 mg/kg 

of AXT in salmon flesh converts to an intake of 

approximately 1-7 mg of AXT in a 200-g portion of 

salmon. The common natural form of AXT in wild salmon 

is the 3S, 3′S isomer (Odeberg et al. 2003). Absorption is 

affected by dietary habits and smoking; concurrent food 

consumption tends to enhance absorption, while smoking 

appears to decrease AXT's half-life. Studies on various 

animal species, such as mice, rats, dogs, and humans, have 

investigated AXT absorption from diverse sources 

(Madhavi et al. 2018). In a double-blind trial involving 

healthy men, daily consumption of 250 g of wild or 

aquacultured salmon for four weeks yielded differing 

plasma AXT concentrations. Plasma AXT levels 

stabilized at 39 nmol/L after consuming wild salmon (3S, 

3′S isomer) for six days, and at 52 nmol/L after 

aquacultured salmon (3R, 3′S) consumption. 

Interestingly, aquacultured salmon intake led to 

significantly higher AXT concentrations in plasma on 

days 3, 6, 10, and 14, though not on day 28. This suggests 

that AXT intake pattern in plasma mirrors the ingested 

salmon and that maximal concentrations can be attained 

within the initial week, regardless of the source (Rüfer et 

al. 2008). Bioavailability and isomer distribution pattern 

of AXT in human plasma have been investigated while 

comprehensive studies on AXT's pharmacokinetics and 

tissue distribution in human skin remain lacking. AXT's 

lipid-solubility implies improved absorption in the 

presence of dietary lipids. Oil-based formulations 

enhance AXT bioavailability; an open parallel study 

revealed that lipid-based formulations, particularly those 

with higher hydrophilic synthetic surfactant content, yield 

the highest bioavailability (Odeberg et al. 2003). 

It is recommended to consume AXT alongside dietary 

fats to optimize bioavailability. Future research should 

replicate these finding using dose aligned with regulatory 

recommendations. Current literature suggests a lack of 

significant focus on enhancing AXT bioavailability, 

especially for skin tissue. Novel delivery methods like 

nanoparticles, topical creams, and specific phospholipid 

complexes show promise and warrant further exploration 

to enhance AXT bioavailability (Lima et al. 2021). 

Different forms of AXT and other factors affecting its 

bioavailability are represented in Fig. 4. 

Pharmacokinetics 

Carotenoids undergo absorption akin to lipids, 

subsequently traversing the lymphatic system to reach the 

hepatic locale. The efficiency of carotenoid absorption is 

contingent upon the concurrent dietary constituents. A 

diet abundant in cholesterol possesses the potential to 

augment carotenoid absorption, in contrast to a low-fat 

diet which tends to attenuate it. Following ingestion, AXT 

interacts with bile acids, leading to the formation of 

micellar structures within the small intestine. 

These AXT-containing micelles experience partial 

uptake by enteric mucosal cells, thereby effectuating their 

integration into chylomicra within these cells. Following 

their release into the lymphatic circulation, chylomicra 

containing AXT undergo enzymatic hydrolysis by 

lipoprotein lipase. The subsequent swift clearance of 

chylomicron remnants by the hepatic organ and other 

tissues ensues. AXT becomes encompassed within 

lipoproteins, facilitating its systemic transport to various 

tissues. Among the diverse repertoire of endogenous 

carotenoids, AXT is distinguished for its exceptional 

capacity to shield cells, lipids, and membranous 

lipoproteins against oxidative impairment (Ambati et al. 

2014). 

Safety 

Microalgae-derived AXT (i.e. AXT of H. pluvialis) 

has been authorized as color additives in feed for salmon 

and as a dietary supplement for human consumption in 

Western countries, Europe, Japan, and the USA. As part 

of its regulatory framework, the European Food Safety 

Authority (EFSA), and specifically its Panel on Additives 

and Products or Substances used in Animal Feed 

(FEEDAP), recommends an acceptable daily intake 

(ADI) for AXT at 0.034 mg/kg body weight (bw), or 2.38 

mg/70-kg individual per day. Later on, the EFSA's Panel 

on Dietetic Products, Nutrition and Allergies (NDA) 

reaffirmed this scientific position maintaining that a 

conclusion of establishing the safety for 4 mg/day (0.06 

mg/kg bw) of AXT was still to be determined (Agostoni 

et al. 2014, Aquilina et al. 2014). Notably, studies 

involving individuals who were administered more than 4 

mg of AXT per day reported no adverse effects (Spiller & 

Dewell 2003, Res et al. 2013). First and foremost, even an 

acute administration of 40 mg of AXT over 48 hours in 

32 healthy people was reported to be largely harmless, 

with only three mild cases (Odeberg et al. 2003). Chronic 

intake of AXT at 16 and 40 mg per day is safe for patients 

with functional dyspepsia (Kupcinskas et al. 2008). FDA 

has granted approval for direct human consumption of 

AXT from H. pluvialis, permitting dosages up to 12 mg 
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Fig. 4. Representation of different forms of AXT and other factors affecting its bioavailability.

per day and up to 24 mg per day for a duration not 

exceeding 30 days (Visioli & Artaria 2017). Furthermore, 

supercritical CO2 extracts sourced from H. pluvialis have 

obtained "novel food" designation from FDA and are 

acknowledged as having "GRAS" (generally recognized 

as safe) status (Shah et al. 2016). 

Common mechanism of action and biological 

activities of AXT 

Disease progression is a complex phenomenon 

influenced by a myriad of factors, each exerting a 

significant impact on the intricate interplay of health and 

well-being. A suboptimal diet, characterized by 

nutritional deficiencies or an excess of detrimental 

components, compromises the body's immune system and 

overall functionality, fostering an environment conducive 

to the development of diseases (Childs et al. 2019). 

Infections, initiated by pathogenic microorganisms, have 

the potential to overpower the body's defense 

mechanisms, initiating detrimental cascades that 

contribute to the progression of diseases (Heinzelmann et 

al. 2002). Smoking, a well-established risk factor, 

introduces harmful chemicals that promote inflammation 

and OS. Dysfunctional mitochondrial respiration, along 

with chronic or acute inflammation, disrupts normal 

cellular activities, acting as influential forces in disease 

pathogenesis (Winiarska-Mieczan et al. 2023). 

Environmental factors, encompassing pollution, toxin 

exposure, radiation, drug metabolism, and ischemia-

reperfusion injury, collectively contribute to the intricate 

network influencing disease progression (Heinzelmann et 

al. 2002). AXT, as a potent antioxidant, assumes a pivotal 

role in this context by modulating the activities of essential 

antioxidant enzymes at the cellular level, including 

superoxide dismutase (SOD), catalase, and glutathione 

peroxidase. Through the neutralization of free radicals and 

the reduction of OS, AXT augments the cellular antioxidant 

defense system, presenting potential in the prevention of 

diseases associated with OS (Kim et al. 2009). Scientific 

investigations revealed that AXT supplementation has 

shown beneficial effects at doses of 6–18 mg/day for 12 

weeks, improving HDL (6 & 12 mg), reducing triglycerides 

and increasing adiponectin (12 & 18 mg). An 8 mg/day 

dose for 8 weeks lowered visceral fat, triglycerides, and 

systolic blood pressure. 12 mg/day for 12 weeks improved 

insulin resistance and reduced LDL, HbA1c, and OS 

markers. Studies also reported enhanced antioxidant 

capacity and lipid profile regulation, with no significant 

impact on BMI or total cholesterol in some cases (Dansou 

et al. 2021). The common mechanism of action of AXT is 

summarized in Fig. 5. 

Antioxidant activity of AXT 

An antioxidant is a molecule that combats oxidation 

by neutralizing free radicals and reactive oxygen species 

(ROS). These highly reactive molecules stem from 

normal aerobic metabolism, causing oxidative damage to 

proteins, lipids, and DNA, linked to various disorders 

(Gutteridge & Halliwell 2010). Endogenous and 

exogenous antioxidants like carotenoids counter this OS. 

Carotenoids, with their conjugated double bonds, exhibit 

antioxidant properties by quenching singlet oxygen and 

halting chain reactions. These benefits likely result from 

carotenoid interactions with cell membranes (Mohd Aijaz 

et al. 2023). Compared to other carotenoids including 

lutein, lycopene, α-carotene, and β-carotene, AXT holds 

superior antioxidant activity. AXT found in H. pluvialis 

offers robust protection against radicals in rats. Its 

distinctive molecular structure, featuring hydroxyl and 

keto groups, contributes to its potent antioxidant abilities. 

AXT's antioxidant potency surpasses zeaxanthin, lutein, 

canthaxanthin, β-carotene, and α-tocopherol. The polyene 

chain in AXT traps radicals in cell membranes, while its 

terminal ring scavenges both inner and outer membrane 
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radicals (Rao et al. 2015). AXT's antioxidant role extends 

to boosting enzyme activities, as seen in rabbits' diets and 

ethanol-induced gastric ulcer rats. OS disrupts pro-

oxidant/anti-oxidant balance, yielding ROS and free 

radicals (Augusti et al. 2012). Xanthophylls, including 

carotenoids, counteract this by interrupting radical chain 

reactions or reacting harmlessly. AXT safeguards against 

oxidative damage by neutralizing singlet oxygen, 

scavenging radicals, inhibiting lipid peroxidation, 

enhancing immune function, and regulating gene 

expression. Its high antioxidant capacity and polarity 

make it a promising nutraceutical (Seabra & Pedrosa 

2010). In vivo, carotenoids like AXT need appropriate 

tissue transfer and concentration proportional to the 

oxidizing agent. AXT's antioxidant prowess surpasses 

vitamin E, neutralizing singlet oxygen and outperforming 

other photochemical agents (Kogure 2019).  

Age affects AXT activity, being more effective in 

youth due to enhanced antioxidant enzymes. AXT also 

enhances membrane fluidity, impeding diffusion and 

bolstering antioxidant efficacy. Scientific investigations 

revealed that AXT is highly effective to protect against 

inflammation, cancer, aging, and age-related macular 

degeneration, along with promoting overall health. It 

shields the retina from impairment induced by NMDA 

and antagonizes OS, activating pathways that trigger 

antioxidant responses (Kandy et al. 2022). AXT activates 

the PI3K/AKT and ERK pathways, facilitating Nrf2 

activation and enhancing enzyme expression for 

protection against OS (Kavitha et al. 2013). SOD, catalase, 

 

Fig. 5. Diagrammatic illustration of disease development and progression through various factors and common mechanism of action 

of AXT for their prevention. 
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TBARS, and peroxidase are elevated in rat liver and 

plasma after AXT supplementation (Polotow et al. 2014). 

In essence, antioxidants like AXT combat oxidative 

damage by neutralizing radicals and ROS, offering 

multifaceted protection against various disorders and 

promoting overall health (Rodriguez-Ruiz et al. 2018). In 

a study by Dansou et al. (2021), laying hens were 

supplemented with AXT at doses of 0, 21.3, 42.6, and 

213.4 mg/kg of feed. The results indicated that while AXT 

improved antioxidant activities, such as enhancing SOD 

and glutathione peroxidase (GSH-Px) activities and 

reducing malondialdehyde (MDA) content in both liver 

and serum, the highest dose (213.4 mg/kg) did not provide 

additional antioxidant benefits compared to the moderate 

doses (21.3 and 42.6 mg/kg). Therefore, for optimal 

antioxidant activity in laying hens, a supplementation 

range of 21.3 to 42.6 mg/kg of feed is recommended 

(Dansou et al. 2021). 

Antiapoptotic activity of AXT 

Neurodegenerative disorders, ischemic stroke, heart 

ailments, sepsis, and syndromes involving dysfunction in 

multiple organs are associated with cell death through 

apoptosis (Sanz et al. 2008). Several treatment 

approaches are available to manage apoptosis. Depending 

on the specific disease context, AXT may either inhibit or 

promote apoptosis (Hormozi et al. 2019). Intrinsic 

(mitochondrial) and extrinsic (death receptor) pathways 

are two primary pathways involved in apoptosis which are 

influenced by crucial apoptotic proteins (Sanz et al. 

2008). By influencing these proteins, AXT could modify 

the course of apoptosis and mitigate associated diseases. 

AXT has been observed to have a dual impact on 

apoptosis regulation. It can enhance the phosphorylation 

of Bcl-2-associated death promoter, while the activation 

of cytochrome c and caspase 3 and 9 reduces. These 

effects are mediated through the control of mitogen-

activated protein kinase/p38 (p38 MAPK), thereby 

influencing apoptosis (Li et al. 2015). Additionally, AXT 

activates the survival pathway PI3K/AKT, leading to the 

improvement of mitochondrial-linked apoptosis (Kim & 

Kim 2019). Interestingly, AXT has been documented to 

induce intrinsic apoptotic signaling in a model of oral 

cancer in hamsters. This is achieved by deactivating 

ERK/MAPK and PI3K/AKT cascades, ultimately 

inhibiting NF-κB and Wnt/β-catenin pathways (Kavitha 

et al. 2013). Furthermore, AXT's protective effects extend 

to retinal ganglion cells, reducing apoptotic cell death and 

ameliorating conditions like diabetic retinopathy by 

counteracting OS (Harada et al. 2017, Fang et al. 2023). 

 Anti-inflammatory activity of AXT 

Inflammation is a complex series of immune responses 

that activate as a protective mechanism in response to 

injuries, to initiate the tissue repair process (White & 

Mantovani 2013). However, when inflammation becomes 

excessive or uncontrolled, it can be harmful to the host, 

causing damage to cells and tissues. In both acute and 

chronic neurodegenerative conditions, inflammation plays 

a pivotal role (Liu et al. 2012). AXT effectively intervenes 

in biological systems to curb the initiation of inflammation 

(Moh Aijaz et al. 2024). The anti-inflammatory properties 

of AXT hold significance in halting the advancement of 

central nervous system disorders (Masoudi et al. 2021). 

AXT acts by blocking the NF-κB-dependent signaling 

pathway, thereby decreasing expression of downstream 

inflammatory mediators such as interleukin-1β (IL-1β), 

interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α). 

NF-κB remains inactive in the cytosol under the influence 

of inhibitory kappa B (IκB) which is a major inhibitor in 

normal circumstances. Activation of NF-κB triggers a 

cascade involving IκB phosphorylation by IκB kinase β 

(IKKβ), IκB degradation through the ubiquitin proteasome 

pathway, and dissociation of IκB from NF-κB. This 

exposes NF-κB's nuclear localization signal, thereby 

regulating the transcription of inflammatory genes (Chang 

& Xiong 2020). Additionally, AXT displays its anti-

inflammatory effects by inhibiting cyclooxygenase-1 

enzyme (COX-1) and nitric oxide (NO) in 

lipopolysaccharide-stimulated BV2 microglial cells. In 

vivo studies have demonstrated AXT's capacity to 

effectively diminish inflammation in tissues and organs 

(Pereira et al. 2021). AXT's anti-inflammatory prowess 

extends to diverse conditions, including arteriosclerosis, 

inflammatory bowel disease, sepsis, rheumatoid arthritis, 

gastric inflammation, brain inflammatory diseases, and the 

reduction of bacterial load in mice infected with 

Helicobacter pylori (Bennedsen et al. 2000). AXT 

functions as a potent antioxidant to counteract 

inflammation's initiation within biological systems (Chang 

& Xiong 2020). For instance, extracts from algal cells, i.e. 

of members of the genera Haematococcus and 

Chlorococcum, have shown promising results in reducing 

bacterial load and gastric inflammation in H. pylori-

infected mice (Wang et al. 2000). Studies indicate that 

AXT can reduce oxidative damage to DNA, thereby 

enhancing immune responses in healthy human subjects 

(Park et al. 2010). Other research has found that AXT, 

when combined with Ginkgo biloba extract and Vitamin C, 

leads to reduced inflammation in lung tissues and improved 

levels of cAMP and cGMP (Haines et al. 2011). 

Furthermore, AXT has demonstrated gastro-protective 

effects on acute gastric lesions induced by ethanol, possibly 

due to its influence on various factors such as ATPase 

inhibition and antioxidant activities (Lee et al. 2022). AXT 

has also been proven effective in mitigating OS, 

inflammation, and apoptosis caused by high glucose in 

proximal tubular epithelial cells (Kim et al. 2009). Japanese 

researchers have highlighted AXT's potential for treating 

ocular inflammation, while its capacity to prevent skin 

thickening and to reduce collagen loss makes it a promising 

agent against UV-induced skin damage (Harada et al. 

2017). In endotoxin-induced uveitis (EIU), a dose-

dependent anti-inflammatory effect was observed, with 100 

mg/kg AXT showing comparable efficacy to 10 mg/kg 

prednisolone. AXT improves immune function and reduces 

inflammation, particularly in individuals with excessive 

OS, making it a promising candidate for managing 

inflammatory conditions (Abdelazim et al. 2023). 
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Anti-obesity activity 

Obesity stands as a prominent and widespread public 

health concern impacting diverse age cohorts globally. Its 

deleterious outcomes encompass a range of severe 

ailments such as type 2 diabetes, hypertension, 

hyperlipidemia, and cardiovascular disorders, mediated 

by assorted mechanisms (Suhel Alam 2024). The pursuit 

of alternative, safe agents for combating obesity has 

spurred considerable attention towards AXT due to its 

promising anti-obesity attributes (Radice et al. 2021). 

Incorporating AXT into the diet as a supplementary 

component demonstrates the capacity to thwart weight 

gain, curtail plasma cholesterol levels, diminish plasma 

and hepatic triacylglycerol (TAG) content, amplify the 

expression of endogenous antioxidant genes within the 

liver, mitigate myeloperoxidase and NOS levels, and 

render splenocytes less responsive to lipopolysaccharide 

(LPS) stimulation. Furthermore, it holds potential to 

preempt obesity-linked disruptions in metabolic processes 

and inflammatory responses (Xia et al. 2020). A study by 

Aoi et al. (2008) unveiled that AXT fosters heightened 

lipid utilization during physical exercise, culminating in a 

reconfigured muscular metabolism, heightened physical 

performance, reduced body adiposity, and enhanced 

efficacy in muscular activities during exercise (Aoi et al. 

2008). In a randomized double-blind study involving 23 

overweight and obese adults (BMI > 25 kg/m²), 

participants were administered either 5 mg or 20 mg of 

AXT daily for 3 weeks. The study found significant 

improvements in OS biomarkers, suggesting potential 

benefits in managing obesity-related OS (Choi et al. 

2011). Another study examined the combined effects of 

high-intensity functional training and AXT 

supplementation (20 mg/day) over 12 weeks in obese 

men. Results indicated reductions in body weight, body 

fat percentage, and improvements in lipid profiles, 

highlighting the potential of AXT in weight management 

when combined with exercise (Saeidi et al. 2023). AXT 

emerges as an innovative selective modulator of 

peroxisome proliferator-activated receptor gamma 

(PPAR-γ), operating as an antagonist or agonist to exert 

its beneficial impacts on obesity and insulin resistance 

(Taghiyar et al. 2023). 

Anti-diabetic Activity 

OS levels are notably elevated in diabetes mellitus 

patients, primarily attributed to hyperglycemia-induced 

dysfunction of pancreatic β-cells and concurrent tissue 

damage (Yang et al. 2011). AXT holds promise in 

mitigating hyperglycemia-induced OS within pancreatic 

β-cells, while concurrently enhancing glucose and serum 

insulin levels. AXT's protective influence extends to 

shielding pancreatic β-cells against glucose toxicity, and 

it demonstrates immunomodulatory potential in the 

context of lymphocyte dysfunction associated with 

diabetic rats (Kanwugu et al. 2022). 

In tandem, AXT combined with α-tocopherol 

exhibited the ability to counter OS and ameliorate its 

effects in streptozotocin-induced diabetes in rats (Yeh et 

al. 2016). This versatile compound also impedes 

glycation and cytotoxicity induced by glycated proteins in 

human umbilical vein endothelial cells through the 

inhibition of lipid and protein oxidation (Mashhadi et al. 

2018). In metabolic terms, AXT effectively enhances 

insulin sensitivity in models of high-fat/high-fructose 

diet-induced obesity, both in spontaneously hypertensive 

corpulent rats and mice. This effect is attributed to its 

stimulation of the insulin receptor substrate (IRS)–PI3K–

AKT signaling pathway, achieved through a reduction in 

serine phosphorylation of IRS proteins. Consequently, 

this leads to improved glucose metabolism through the 

regulation of metabolic enzymes, particularly in insulin-

resistant mice (Naito et al. 2004, Zhuge et al. 2021). 

Notably, AXT demonstrates a multifaceted approach to 

combatting diabetes-associated complications. It 

effectively decreases urinary albumin levels and exhibits 

potential in preventing diabetic nephropathy by 

diminishing OS and curtailing renal cell damage. This 

encompasses the restoration of enzyme activities in 

salivary glands and the attenuation of glycation-induced 

cytotoxicity in human umbilical vein endothelial cells 

(Zhang et al. 2021). Animal studies investigated the 

effects of AXT on metabolic syndrome features in 

SHR/NDmcr-cp rats. The rats were administered AXT at 

a dose of 50 mg/kg body weight per day for 22 weeks, 

leading to improved insulin sensitivity and lipid 

metabolism parameters (Hussein et al. 2007). A clinical 

study involving healthy volunteers with prediabetes, 

participants were administered 12 mg of AXT daily for 12 

weeks. The results indicated improvements in glucose 

metabolism and reductions in modified low-density 

lipoprotein levels (Urakaze et al. 2021). Another 

randomized clinical, placebo-controlled trial assessed the 

effects of 12 mg/day AXT over 24 weeks in individuals 

with prediabetes and dyslipidemia. The study found that 

AXT improved lipid profiles and reduced markers of 

cardiovascular disease risk, with trends toward improved 

insulin sensitivity (Ciaraldi et al. 2023). Overall, AXT 

emerges as a versatile therapeutic candidate, addressing 

hyperglycemia-induced OS, enhancing insulin sensitivity, 

and potentially mitigating diabetic complications. 

Immuno-modulatory activity 

Immune cells are highly vulnerable to damage from 

free radicals, particularly due to the presence of 

polyunsaturated fatty acids (PUFAs) in their cell 

membranes (Das 2011). The protective role of 

antioxidants, particularly AXT, in safeguarding immune 

defenses from free radical harm is significant. While 

animal studies under laboratory conditions have explored 

AXT's impact on immunity, clinical research in humans 

remains limited (Fakhri et al. 2018). In comparison to β-

carotene, AXT has demonstrated more potent immuno-

modulating effects in mouse models. Notably, older 

animals displayed improved antibody production and 

reduced humoral immune responses following dietary 

AXT supplementation. Laboratory investigations 
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revealed that AXT prompted immunoglobulin production 

in human cells (Jyonouchi et al. 1994). Notably, an eight-

week AXT supplementation regimen in humans resulted 

in heightened blood AXT levels, improved activity of 

natural killer cells targeting virus-infected cells, increased 

counts of T and B cells, reduced DNA damage, and 

significantly lower C-reactive protein (CRP) levels in the 

AXT-supplemented group (Sekikawa et al. 2023). 

Both in vivo and in vitro studies on rats have unveiled 

AXT's influence on immunity, while human clinical 

research remains scarce. AXT's heightened immuno-

modulating effects compared to β-carotene have been 

evidenced in mouse models. Additionally, aged animals 

witnessed enhanced antibody production and diminished 

humoral immune responses through dietary AXT 

supplementation (Ohgami et al. 2003, Donoso et al. 

2021). Further investigations demonstrated AXT's ability 

to activate humoral immune and cell-mediated reactions 

in canines and felines, regulate lymphocytic immune 

responses in vitro, and partly exert ex vivo 

immunomodulatory effects by elevating interferon-

gamma (INF-γ) and interleukin-2 (IL-2) production 

without cytotoxicity (Lin et al. 2016). In various in vitro 

settings, AXT showcased the potential to elevate antibody 

secretory cell production, T-helper cell antibodies, and 

various immunoglobulins (IgM, IgG, IgA) in response to 

T-dependent stimuli (Fan et al. 2021). An in vivo study by 

Jyonouchi et al. (2000) indicated that dietary 

supplementation with AXT could potentially restore 

immune responses. In the face of stress, AXT effectively 

counteracts the decline in immunological functions by 

boosting immune responses mediated by natural killer 

(NK) cells and T lymphocytes, while also reducing DNA 

damage and CRP levels (Jyonouchi et al. 2000). 

Neuroprotective activity 

Neurological disorders encompass a range of conditions 

leading to disability, including both acute injuries and 

chronic neurodegenerative diseases. The underlying 

pathogenesis of many of these disorders involves 

inflammation, OS, and apoptosis (Suescun et al. 2019). A 

compound of particular interest in this context is AXT, 

which possesses the unique ability to traverse the Blood 

Brain Barrier (BBB) due to its fat-soluble nature. Given 

its diverse activities, AXT holds considerable promise as 

a potential therapeutic option for both acute and chronic 

neurological diseases (Si & Zhu 2022). 

Recent investigations conducted in the laboratory 

have delved into the biological properties of AXT using 

an in vivo model. The findings from these studies 

underscore the favorable neuroprotective attributes of 

AXT in animal models of spinal cord injury (SCI). The 

heightened metabolic activity within the brain renders it 

susceptible to OS (Bahbah et al. 2021). However, AXT 

demonstrated the capability to enhance the activities of 

antioxidant enzymes and mitigate OS markers in distinct 

central nervous system (CNS) regions. Additionally, AXT 

exhibited a dampening effect on pro-inflammatory 

cytokines such as interleukin-1β (IL-1β), IL-6, tumor 

necrosis factor-alpha (TNF-α), and NOS (Yook et al. 

2016). In a study on pilocarpine-induced status epilepticus 

in rats, AXT was administered at a dose of 30 mg/kg body 

weight every other day for two weeks. The treatment 

improved cognitive function and reduced neuronal 

apoptosis, OS, and inflammation in the hippocampus 

(Deng et al. 2019). Furthermore, as alluded earlier, AXT 

has demonstrated its neuroprotective potential across 

experimental models of diverse neurological disorders. 

This efficacy is attributed to its multifaceted mechanisms, 

including anti-oxidative, anti-inflammatory, and anti-

apoptotic actions (Fakhri et al. 2019). Notably, AXT's 

efficacy spans conditions such as Alzheimer's disease, 

Huntington's disease, Parkinson's disease, amyotrophic 

lateral sclerosis, traumatic injuries, inflammatory-induced 

injuries, and age-related dementia. The broad spectrum of 

functionalities exhibited by AXT in the context of 

neurological disease treatment underscores its role as a 

versatile and multi-target pharmacological agent (Fakhri 

et al. 2018). 

Cardioprotective activity 

Elevated generation of reactive oxygen and nitrogen 

species stimulates transcriptional agents, propelling the 

development of atherosclerosis, disruption of endothelial 

function, and harm subsequent to ischemic reperfusion 

and arrhythmia (Xiang et al. 2021). The likelihood of 

cardiovascular ailments is positively linked to cholesterol 

concentrations, specifically focusing on low-density 

lipoprotein (LDL), inflammation and OS form the basis 

of numerous cardiovascular symptoms (Yang et al. 2018). 

AXT exhibits cardioprotective effects by enhancing 

inflammation, lipid and glucose metabolism, and 

antioxidant activity. AXT inhibits free radicals and 7-

ketocholesterol formation, curbing atheroma. It prevents 

arteriosclerosis by inhibiting LDL oxidation, lowering 

macrophage infiltration, apoptosis, and plaque rupture, 

enhancing plaque stability via adiponectin (Zaafan & 

Abdelhamid 2021). AXT reduces pro-inflammatory 

cytokines, Matrix Metalloproteinase (MMP) activation, 

and scavenger receptor upregulation in macrophages, 

regulating atherogenesis related functions. It counters 

inflammation and OS, curbs lipid peroxidation, 

thrombosis, and protects against cardiovascular damage 

in animal models and human cells (Derias et al. 2021). 

AXT ameliorates diabetes-related coagulation by its anti-

oxidative and anti-inflammatory effects, increasing red 

blood cell concentrations. It safeguards against 

isoproterenol cardiotoxicity through free radical 

scavenging and antioxidant activity, a potential adjuvant 

therapy. AXT's impact on coronary disease prevention is 

underexplored (Krestinina et al. 2020). It reduces blood 

pressure by attenuating the renin-angiotensin system, 

angiotensin-II, and ROS-induced vasoconstriction, 

enhancing NO bioavailability and endothelial function, 

primarily in resistant arteries. AXT improves vascular 

elastin, arterial wall thickness, and blood fluidity in 

hypertension. It augments heart mitochondrial function, 
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reduces pro-inflammatory markers, suggesting a role in 

cardiac protection (Gao et al. 2021). OS and inflammation 

characterize atherosclerotic cardiovascular disease, 

making AXT a potential therapeutic due to its antioxidant 

and anti-inflammatory potential (Kara & Kilitçi 2023). 

Disodium disuccinate astaxanthin (DDA) shows promise 

in protecting myocardium, reducing infarct size and 

enhancing salvage. AXT is detected in myocardial tissues 

post DDA treatment (Adam Lauver et al. 2005). In 

hypertensive and normotensive rat models, AXT 

influences blood pressure, increases basal arterial blood 

flow, elevates nitric oxide, and reduces peroxynitrite 

levels (Kara & Kilitçi 2023). In mice, AXT elevates heart 

mitochondrial potential and contractility index. AXT 

prevents hypercholesterolemia-induced protein oxidation 

in rabbits through paraoxonase and thioredoxin reductase 

activity maintenance at dosages of 100 mg and 500 

mg/100 g (Augusti et al. 2012). 

Anti-cancer activity 

Aerobic metabolism generates reactive species like 

superoxide, hydroxyl radical, and hydrogen peroxide, 

while photochemical reactions and lipid peroxidation 

produce singlet oxygen and peroxyl radicals (Martemucci 

et al. 2022). These processes contribute to aging, 

carcinogenesis, mutagenesis, and degenerative diseases 

by oxidizing proteins, DNA, and lipids. Antioxidants 

mitigate oxidative damage, decreasing carcinogenesis and 

mutagenesis (Sun et al. 2020). Carotenoids, notably AXT, 

attract attention for their anticancer potential due to their 

inverse correlation with cancer prevalence (Ramamoorthy 

2020). AXT surpasses other carotenoids like β-carotene 

and canthaxanthin in antitumor efficacy. Gap junctional 

communication is impaired in human tumors due to 

absent cell-to-cell connections, but AXT's promotion of 

connexin-43 protein via gene upregulation restores this 

communication, curbing tumor proliferation (Demirel & 

Tuna 2021). 

AXT exhibits antitumor effects in various cancers, 

restraining growth and inducing cell death. Moreover, 

AXT curbs metastasis, inhibits 5-α-reductase to suppress 

prostate cancer, and triggers anti-invasive pathways (e.g., 

NF-κB, STAT3, PPARγ). Downregulating MKK1/2-

ERK1/2-mediated thymidylate synthase expression 

enhances non-small cell lung carcinoma sensitivity to 

pemetrexed-induced cytotoxicity (Faraone et al. 2020). 

AXT demonstrates preventive effects in carcinogenesis 

models, including large bowel and tongue cancers. It 

suppresses bladder and oral cancers, regulates immunity, 

and delays tumor initiation, implying optimal blood AXT 

levels safeguard against tumorigenesis. However, AXT 

supplementation post-tumor initiation may be 

counterproductive ROS from aerobic metabolism. Singlet 

oxygen and peroxyl radicals arise from photochemical 

events and lipid peroxidation, contributing to aging and 

degenerative diseases via DNA, protein, and lipid 

oxidation (Yasui et al. 2011, Immacolata Faraone et al. 

2020). Antioxidants counteract ROS-induced 

mutagenesis and carcinogenesis. Natural carotenoids and 

retinoids enhance gap junctional communication between 

the cells. For instance, AXT derivatives improve 

intercellular communication in primary human skin 

fibroblasts. AXT exhibits potent antitumor activity 

compared to canthaxanthin and β-carotene, restraining 

fibrosarcoma, breast, and prostate cancer growth (Rivera-

Madrid et al. 2019). 

AXT's impact extends to inhibiting cell death, 

proliferation, and mammary tumors in chemically 

induced rodents. Haematococcus pluvialis extract, rich in 

AXT, hinders human colon cancer cell progression via 

cell cycle arrest, apoptosis, and cytokine suppression 

(Lim & Wang 2020). Nitroastaxanthin and 15-

nitroastaxanthin, products of AXT and peroxynitrite, 

demonstrate anticancer effects. AXT treatment inhibits 

Epstein-Barr virus and mouse skin papilloma 

carcinogenesis (Ambati et al. 2014). 

Hepatoprotective activity 

AXT, as a potent antioxidant, has demonstrated 

remarkable preventive and therapeutic effects on various 

liver conditions. It addresses liver fibrosis, tumors, 

ischemia-reperfusion injury, and non-alcoholic fatty liver 

disease by modulating crucial signaling pathways (Li et 

al. 2015). It curtails JNK and ERK-1 activity to enhance 

liver insulin sensitivity, suppresses PPAR-γ expression to 

reduce hepatic fat synthesis, and inhibits TGF-β1/Smad3 

to counteract HSC activation and fibrosis. It also targets 

JAK/STAT3 and Wnt/β-catenin pathways to impede liver 

tumor progression, and safeguards against ischemia-

reperfusion injury by mitigating apoptosis and autophagy 

(Jannel et al. 2020). AXT's benefits extend to lipid 

accumulation, insulin resistance, ROS, and lipid oxidation 

products in the liver. It mitigates these issues by reducing 

lipid buildup and insulin resistance. It curbs lipid 

peroxidation (LPO), augments cellular antioxidants like 

TBARS, glutathione, and SOD, and emerges as a 

hepatoprotective agent (Li et al. 2020). Following liver 

ischemia-reperfusion injury, AXT treatment maintains 

hepatic xanthine dehydrogenase and curbs protein 

carbonyl levels (Bernabeu et al. 2023). AXT also 

intervenes in hepatic stellate cell (HSC) activation and 

extracellular matrix formation. It accomplishes this by 

downregulating NF-B and TGF-1 expression, preserving 

MMP2/TIMP1 balance, and influencing energy 

production in HSCs through autophagy modulation and 

apoptosis stimulation (Zheng et al. 2023). AXT 

effectively counteracts apoptosis and autophagy induced 

by hepatic IR injury by neutralizing ROS and 

inflammatory cytokines, attributed to MAPK family 

inactivation (Wei & Guo 2022). In mouse models, AXT 

(80 mg/kg) significantly alleviates liver fibrosis through 

the suppression of profibrogenic factors, possibly via 

downregulation of NF-κB p65 and Wnt/β-catenin 

pathways, achieved by inhibiting ERK and PI3K/AKT 

activation (Zhuang et al. 2021). Overall, AXT emerges as 

a versatile agent for liver protection and treatment, acting 

on various pathways to address a spectrum of liver-related 

conditions (Azadian et al. 2024). 
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Conclusion and future perspectives 

AXT represents an exciting and promising 

nutraceutical and pharmaceutical with innumerable 

biological activities and health benefits. As a powerful 

antioxidant, it performs a key function to lower OS, 

improve inflammation, and prevent cell damage. Its 

therapy use is widespread in neuroprotection, 

cardiovascular diseases, metabolic disorders, and cancer 

prevention. AXT is effective, however, it depends heavily 

on the dosage, because not all these health problems 

require the same dosage of AXT to work properly. For 

general signals of health and antioxidant support, some 

studies suggest 4–12 mg doses per day while for 

neuroprotective and cognitive enhancement, clinical 

results show greater efficacy with higher doses between 

6–16 mg per day. In metabolic diseases like diabetes and 

obesity, AXT has improved insulin sensitivity, glucose 

metabolism, and lipid regulation when supplemented at 

8–12 mg/day. Doses of 5–20 mg daily were shown to 

inhibit body fat accumulation and improve lipid 

metabolism for weight management. Cardioprotective 

effects like decreasing LDL oxidation and improving 

circulation are noticed in doses of 8–12 mg daily. For 

instance, AXT has successfully inhibited tumor growth, 

mediated apoptosis, and prevented metastasis in 

preclinical studies using higher doses of 10–50 mg/kg 

body weight in cancer model systems. Indeed, additional 

clinical trials will be needed to establish accurate cancer-

dosage levels for humans. One of the main obstacles in 

AXT research is guided by its bioavailability, despite its 

many health benefits. It is usually poorly absorbed in 

human body, as it is a lipid-soluble compound. In the 

future, advanced delivery systems, such as nano-

emulsions, lipid-based carriers, and phospholipid 

complexes, should be developed in order to facilitate the 

absorption and effectiveness of AXT. Moreover, large-

scale human clinical trials are warranted to develop 

dosage guidelines and confirm long-term toxicity. 

Exploration of synergistic effects of AXT with other 

bioactive compounds represents another encouraging area 

of research. Incorporating AXT with other polyphenols, 

flavonoids, or conventional medicines may yield higher 

therapeutic effects, especially for chronic diseases like 

cancer, cardiovascular diseases, and neurodegenerative 

diseases. Biotechnological approaches regarding the 

future AXT production may offer a sustainable and cost-

effective alternative for the commercial availability of 

AXT in the near future. As the global demand for this 

potent carotenoid is ever-increasing, optimizing 

microalgae-based biosynthesis together with improving 

the extraction methods can help to scale up the 

production of AXT. Moreover, the role of AXT in 

healthy aging and longevity represents a fascinating 

research avenue within and beyond the realm of DI 

diseases. This is important because its ability to resist 

oxidative damage, optimize mitochondrial function, and 

modulate inflammatory pathways, indicate that it may 

help prevent many age-related diseases which include 

Alzheimer’s, Parkinson’s, and cardiovascular diseases as 

well. 

Summarizing, AXT appears to be a very promising 

natural compound with pleiotropic health applications. 

However, more research is required to fine-tune dosing 

and enhance bioavailability, along with larger scale 

clinical trials, in order to capitalize on its potential to do 

so. With continuous advancements in biotechnology, 

formulation science, and clinical research, AXT could 

become a key player in modern medicine, offering 

innovative strategies for disease prevention, treatment, 

and overall health improvement. 
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Abstract: Most living organisms have circadian clocks which maintain rhythm in internal 

cycles of behavior, physiology, and metabolism, allowing them to anticipate the earth's 24-

hour rotation. In mammals, circadian integration of metabolic systems optimizes energy gath-

ering and usage across the light and dark cycles. Disruption of circadian rhythms may lead to 

metabolic dysfunctions such as obesity and obesity-related disorders. The molecular and hor-

monal mechanism behind obesity is mostly related to mRNA expressions in hypothalamus, 

and leptin, and melatonin hormone levels. In obesity and related disorders, the chronobiotic 

hormone melatonin regulates physiological functions such as energy metabolism, body fat, 

and reproduction by cross-interacting with leptin. Leptin signals satiety by inhibiting Neuro-

peptide Y/Agouti-Related Peptide (NPY/AgRP genes in hypothalamus and exerts its effects 

on food intake, body weight, and the reproductive system. In this review, the molecular and 

hormonal mechanisms behind obesity were discussed.  

Özet: Çoğu canlı organizmanın, davranış, fizyoloji ve metabolizmanın iç döngülerinde ritmi 

koruyan sirkadiyen saatleri vardır ve bu da organizmaların dünyanın 24 saatlik dönüşünü 

tahmin etmelerine olanak tanır. Memelilerde, metabolik sistemlerin sirkadiyen entegrasyonu, 

ışık ve karanlık döngüleri boyunca enerji toplanmasını ve kullanımını optimize eder. Sirka-

diyen ritimlerin bozulması obezite ve obeziteye bağlı bozukluklar gibi metabolik işlev bo-

zukluklarına yol açabilir. Obezitenin arkasındaki moleküler ve hormonal mekanizma çoğun-

lukla hipotalamustaki mRNA ifadeleri ve leptin ve melatonin hormonlarının seviyeleriyle 

ilişkilidir. Obezite ve ilgili bozukluklarda kronobiyotik bir hormon olan melatonin, leptin ile 

çapraz etkileşime girerek enerji metabolizması, vücut yağı ve üreme gibi fizyolojik işlevleri 

düzenler. Leptin hormonu hipotalamustaki Nöropeptid Y/Agouti İlgili Peptid (NPY/AgRP) 

genlerini inhibe ederek tokluk sinyali verir ve besin alımı, vücut ağırlığı ve üreme sistemi 

üzerinde etkilerini gösterir. Bu derlemede obezitenin arkasındaki moleküler ve hormonal me-

kanizmalar tartışılmıştır.  

 

Introduction

Obesity is increasingly recognized as a serious, 

worldwide public health concern. Even though it is 

preventable, due to comorbid diseases of obesity such as 

cardiovascular, reproductive, and endocrine system 

problems, obesity has become one of the tough disorders 

in the society (World Health Organization [WHO] 2021). 

It is an uncontrolled increase in body weight which can be 

defined as a disorder resulting from a disruption in energy 

metabolism (Jais & Brüning 2017). Excessive fat 

accumulation in white adipose tissue or some organs due 

to an imbalance in energy homeostasis may lead to the 

development of obesity. Energy homeostasis is managed 

in the hypothalamic region by a sophisticated network of 

orexigenic and anorexigenic signals (Kalra et al. 1999). 

There is ample evidence on that suprachiasmatic nucleus 

(SCN), arcuate nucleus (ARC), pineal gland and white 

adipose tissues have important roles in organizing the 

energy balance of the body (Morgan et al. 2003). This 

complex network system could be easily corrupted by 

environmental factors (i.e. feeding time) if they last a 

prolonged time. In this context, this review aims to briefly 

discuss the role of melatonin and leptin in the 

development of obesity and changes in obesity-related 

gene expression. 

Leptin and Obesity, Obesity- Related Genes 

As in humans, many animals regulate their body 

weight, reproduction, and energy gain/expenditure 

according to various environmental factors (Reiter 1974, 

Stetson et al. 1975). Sustaining vitality depends on the 

effective use of essential nutrients and energy storage. In 

this sense, the homeostasis between gained and 
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expended energy is critical for all organisms (Galgani et 

al. 2010). Excessive calorie intake and a lack of exercise 

have been used to explain the dramatic rise in obesity, 

but this only serves to highlight the need for a new look 

at the mechanisms underlying how obesity develops and 

shapes metabolism. Studies have found a connection 

between obesity and a 24-hour lifestyle and the sleep-

wake cycle (Bray & Young 2012, Shochat 2012). At the 

heart of this link between sleep and obesity is the 

endogenous rhythm, also known as the circadian rhythm, 

which is regulated by both genetic and environmental 

factors. This rhythm controls the expression and/or 

activity of the hormones and enzymes involved in 

metabolism. But there is increasing evidence showing 

that eating habits, mealtimes, and specific nutrients also 

have an impact on metabolism by affecting circadian 

clocks (Jamshed et al. 2019, Charlot et al. 2021). 

Therefore, metabolic disorders can be caused by 

circadian rhythm disruptions.  

Obesity is a central nervous system disease occurring 

due to several dysfunctions between hormonal and 

neurological mechanisms (O'Brien et al. 2017). There is 

clear evidence showing that the circadian clock, 

controlled by the SCN which is located in the 

hypothalamus, synchronizes physiological functions to 

optimize metabolic efficiency. Even though SCN serves 

as the body's pacemaker, peripheral clocks are also a part 

of the mammalian circadian system. These coordinated 

peripheral clocks in other organs send signals to the SCN, 

the body's main clock (Fig. 1). To induce optimal energy 

homeostasis, both central and peripheral clocks need to be 

synchronized. Otherwise, disruption in the circadian clock 

may result in alterations in gene expression and hormone 

levels. 

 

Fig. 1. Relationship between main clock and peripheral clocks. 

There is mutual communication between the SCN and the 

peripheral clocks. Light is the most important initiating signal of 

this system. 

Through molecular studies, it has been established that 

all vertebrate cells and tissues display a circadian rhythm. 

The liver, intestines, and adipose tissue are just a few 

peripheral tissues of mammals that exhibit independent 

circadian oscillations (Mohawk et al. 2012). The analysis 

of the gene expression profile in mammals revealed that 

3% to 20% of the genes displayed 24-hour expression, and 

the majority of these genes were involved in metabolic 

processes. Although organs in the periphery exhibit 

consistency in their circadian rhythms their functions can 

be affected if circadian rhythms within or between tissues 

are disturbed. Differentiation in temporal gene expression 

has been found to be important in organs involved in 

glucose and lipid metabolism, such as skeletal muscle, 

liver, heart, and adipose tissue. The liver and white and 

brown adipose (fat) tissues have also been found to 

contain a large number of nuclear receptors with rhythmic 

activity. Thus, it is possible to figure out the connection 

between nuclear receptors and clock genes, which 

regulate energy flow in response to altering physiological 

needs during the light/dark cycle in metabolism. In this 

way, the circadian rhythm of metabolic gene expression 

ensures the best possible exchange between the anabolic 

and catabolic processes brought on by feeding and fasting 

periods. For instance, nutrition can maximize the levels of 

enzymes in adipose tissue. However, it was discovered 

that the mouse liver experiences a peak in the processes 

of glycolysis, gluconeogenesis, and fatty acid metabolism 

overnight. Changes in the circadian rhythms of peripheral 

Clock genes have been linked to an increase in body 

weight, abnormalities in glucose homeostasis, and blood 

pressure regulation, all of which contribute to the 

development of metabolic syndrome. These adjustments 

may be the result of behavioral or environmental changes, 

such as a high-fat diet interfering with circadian rhythms. 

Circadian Rhythm and Metabolism 

Many hormones, including insulin, glucagon, 

adiponectin, corticosterone, leptin, and ghrelin, have been 

shown to exhibit circadian release. These hormones play 

important roles in metabolism. It is well known that leptin 

plays a significant role in in the hypothalamus and, when 

released from adipocytes under physiological conditions, 

suppresses appetite and accelerates metabolism. The 

circadian rhythm of leptin was abolished in hamsters as a 

result of SCN lesion, implying that the circadian clock 

regulates leptin production (Karakaş & Gündüz 2006). 

Additionally, unlike healthy animals, rats with SCN-

lesions did not increase the level of free fatty acids in 

plasma after intraperitoneal administration of leptin, 

indicating that SCN may also play a role in leptin (Li et 

al. 2012). The circadian clock has been implicated in the 

regulation of metabolism and energy balance in peripheral 

tissues, in addition to its effects on the endocrine system. 

The circadian clock conveys this function by mediating 

the production and/or activity of some metabolic enzymes 

(glycogen phosphorylase, cytochrome oxidase, lactate 

dehydrogenase, acetyl-CoA carboxylase, malic enzyme, 

fatty acid synthase, glucose-6-phosphate dehydrogenase) 

and transport systems involved in the metabolism of 
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cholesterol, amino acids, drugs, toxins, glycogen, and 

glucose and in the citric acid cycle (Marcheva et al. 2013). 

The Effect of Nutrition on Circadian Rhythm 

Feeding, one of the strong major environmental 

signals, is known to impact circadian oscillators. Karakaş 

et al. (2006) demonstrated that locomotor activity of 

Mongolian gerbils was advanced by the food restriction 

phase. The neuronal link between the pineal gland and the 

SCN may be the cause of the mechanism underlying this 

effect. Food restriction phase advances with the release of 

rhythmic melatonin hormone by the pineal gland 

(McArthur et al. 1991, Selmaoui et al. 2001, Challet et al. 

2003). Another study revealed that rats fed a high-fat diet 

had alterations in circadian rhythm. The amplitude of 

daily pineal melatonin rhythm was shown to decrease in 

obese rats (Cano et al. 2008). In obese Sprague-Dawley 

rats administration of melatonin reduced body weight and 

leptin level. However, body weight and food efficiency 

increased in obese pinealectomized animals. When these 

animals were treated with melatonin, body weight, and 

food efficiency were not different from the sham-operated 

control group (Prunet-Marcassus et al. 2003). Likewise, 

in one of the experiments reported in Gündüz & Karakaş 

(2001), daily 4-hour melatonin infusions between 17:00-

21:00 inhibited body weight growth in pinealectomized 

juvenile Siberian hamsters. A recent study also underlined 

that misalignment of feeding rhythm induces disruption in 

the circadian clock and obesity. Restricted feeding to 

active phases of the daily rhythm (night time for rodents) 

resulted in increased energy expenditure in mice fed high 

fat diets (Hepler et al. 2022). These studies demonstrate 

the role of melatonin in body weight gain. Given that 

overeating or dietary content affects circadian rhythmicity 

and that feeding is a significant environmental signal, it 

appears that obesity is one of the diseases connected to 

circadian rhythms.  

The relationship between appetite regulation and food 

intake is crucial to understanding the causes of obesity. 

Leptin is one of the major elements in this mechanism and 

is synthesized mainly from adipose tissue into circulation 

which binds its receptors in hypothalamus (Schwartz et al. 

1996). This hormone, which is derived from adipocytes, 

regulates energy metabolism as well as many other 

processes, including feeding and reproduction (Mercer et 

al. 1996, Meli et al. 2004).  

 

Fig. 2. Effects of leptin on different tissues (Al-Hussaniy et al. 2021). 
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Fig. 3. NPY and AgRP mRNA expressions of offspring of Syrian hamsters, Mesocricetus auratus (Waterhouse 1838) relative to the 

ad libitum group. Different letters indicate statistical significance. 

Leptin inhibits Neuropeptide Y (NPY) and Agouti-

Related Peptides (AgRP) via its receptors in the ARC, 

which are responsible for regulating food intake and 

energy balance (Schwartz et al. 2000). Because NPY and 

AgRP co-express in hypothalamus, a recent study found 

that NPY-originated AgRP neurons control feeding 

initiation via Npy1r signaling, but Npy2r signaling 

controls locomotion and energy expenditure (Qi et al. 

2022). Another study showed that the AgRP neurons in 

mice are inhibited at the start of the dark phase, which 

prevents them from eating, but that they are stimulated at 

the start of the light phase, when the mice are full (Krashes 

et al. 2011). The complementary characteristics of NPY 

and AgRP include the fact that NPY temporarily prolongs 

hunger after gaining access to food while AgRP controls 

feeding over a longer period of time. Additionally, feeding 

was eliminated when NPY was deleted, but not AgRP or 

GABA, leading researchers to hypothesize that NPY 

plays a special role in sustaining hunger in the interval 

between food finding and consumption (Chen et al. 2019).  

Epidemiological studies on humans and animals have 

shown that nutrition is essential for the metabolic control 

of energy balance from very early development 

(McMillen et al. 2008, Varela et al. 2021). A food 

limitation during pregnancy and lactation may alter the 

offspring's metabolic processes permanently and alter the 

likelihood of obesity in adulthood (McMillen et al. 2005, 

Martin-Gronert & Ozanne 2006). In our recent study 

(İnan & Gündüz 2024), we showed how an important 

maternal factor such as nutrition affects the gene 

expression of hypothalamic neuropeptides NPY/AgRP in 

the brains of offspring and how this changes from the 

early stages of development (up to day 30) (Fig. 3). The 

findings indicate that dietary modifications during the 

very early stages of development have a considerable 

impact on the expression of NPY/AgRP mRNA in 

offspring. The variation in expression of neuropeptide 

genes during and after lactation is notable. Our research 

shows that feeding the young at different times of the day 

has the biggest impact during the lactation period, since 

this was the moment when both NPY/AgRP protein levels 

and mRNA expression increased. It is well recognized 

that a mother's poor eating schedule or undernutrition 

increases the offspring's risk of metabolic problems. Our 

discoveries could change the course of metabolic disease, 

provide a new understanding of energy metabolism, and 

pinpoint new areas for early disease prevention and 

therapy through nutritional strategies in the early years of 

life. The neural development of the offspring is influenced 

by maternal variables during pregnancy, which may also 

control the programming of dietary neuropeptide gene 

expression throughout life. 

In 1953, Kennedy developed the idea that circulatory 

impulses produced in proportion to body fat storage 

regulate appetite and energy expenditure in a coordinated 

manner to balance body weight (Kennedy 1953). The 

existence of such circulatory impulses was demonstrated 

by Coleman in his landmark research on parabiosis in 

1973. The obesity gene (ob) mutation prevents the 

formation of a circulating anorexic factor, as 

demonstrated by Coleman's tests that compared the 

circulatory systems of two strains of highly obese mice 

(ob/ob and db/db) with wild-type animals and with one 

another. However, he discovered that the diabetes gene 

(db) mutation reduces the responsiveness to this factor. As 

a result, it was discovered that the db/db mutant mouse 

produced excessive satiety factor but could not respond to 

it due to a malfunctioning receptor, while the ob/ob 

mutant recognized and responded to same satiety factor 

but failed to produce it. The Ob gene was cloned in late 

1994 and revealed to encode a 16 kDa protein known as 

leptin or the OB protein, which is produced by adipose 

tissue and released into the bloodstream (Zhang et al. 

1994). When leptin deficit is corrected in ob/ob mice, food 
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intake is significantly decreased, and the obesity condition 

returns to normal. Therefore, obesity in mice is caused by 

both leptin resistance (in db/db mice) and leptin 

insufficiency (in ob/ob animals). Consequently, leptin 

functions as a crucial negative feedback signal for the 

regular regulation of food consumption and body weight 

(Frühbeck et al. 1998, Coleman 2010). 

The behavior and physiology of experimental animals 

have been found to be significantly affected by restricting 

food intake at specific times of the day (limiting the 

amount and duration of meals without reducing energy 

intake). It was discovered that two to four hours prior to a 

meal, experimental animals displayed food expectancy 

behaviors such as increased locomotor activity, body 

temperature, corticosterone release, gastrointestinal 

motility, and activity of digestive enzymes (Nelson & 

Halberg 1986). All of these data are said to be indicators 

of the biological clock. Many physiological processes 

controlled by the SCN are observed to change with the 

restriction of daytime feeding, and it has been observed 

that restricted nutrition has an impact on SCN (Tacad et 

al. 2022). In animals with SCN lesions and mutant mice, 

it has been reported that limited feeding affects circadian 

rhythm independently of light (Froy 2007). In addition, 

studies have shown that limited nutrition affects circadian 

oscillators in peripheral tissues such as liver, kidney, 

heart, and pancreas without affecting the rhythm-

regulating mechanism in SCN (Oosterman et al. 2015). 

For this reason, it was thought that the regulation of Clock 

oscillators in peripheral tissues with nutrition may play a 

direct role in the coordination of metabolic oscillations. 

Energy restriction or reducing the amount of energy in 

the diet without resulting in malnutrition has been found 

to increase rodents' life spans by up to 50% (Barger et al. 

2003). In addition to increasing life expectancy, energy 

restriction also delayed the onset of age-related 

pathophysiological changes such as cancer, diabetes, 

kidney diseases, and cataracts (Weindruch & Sohal 1997). 

The mechanism of these effects of reducing energy 

consumption on aging and lifespan is still not fully 

understood. The synchronization of peripheral oscillators, 

however, is believed to be directly mediated by the time 

of eating or by synchronization of the SCN, which sends 

humoral or neural signals to peripheral tissues, during the 

restriction of nutrition and energy intake. 

   

 

Fig. 4. Twenty-four-hour serum melatonin and leptin levels in intact and pinealectomized hamsters in 14L photoperiod. a. Melatonin, 

b. leptin (Gündüz 2002). 
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Fig. 5. Leptin and melatonin values in male Syrian hamsters (Balkan & Gündüz 2023).  

 

Fig. 6. Quantification of mRNA expression and relative protein density changes at different times of day (20:00, 00:00, 04:00, and 

12:00). Different letters indicate significant levels (Balkan & Gündüz 2023). 

The circadian rhythm of genes involved in controlling 

energy homeostasis and feeding regulation are intrinsically 

linked. In our most recent study, nighttime and daytime 

feeding restrictions reduced the body weight of Syrian 

hamster pups while increasing NPY/AgRP mRNA 

expression (Fig. 3) (İnan & Gündüz 2024). To reduce 

energy requirement in fasting conditions NPY reduces 

body weight and bone formation (Lim et al. 2006, Coupé 

et al. 2009). Although leptin regulate the expression of the 

NPY/AgRP gene, melatonin also plays a crucial part in the 

control of food intake. As shown by Gündüz & Hasanoğlu 

(2016), melatonin increased the expression of NPY/AgRP 

genes in the hypothalamic region of the brain, but leptin 

decreased the levels of these neurotransmitters. Moreover, 

pinealectomy increased leptin hormone levels and 

decreased AgRP gene expression. Melatonin is therefore a 

highly effective regulator of feeding-related gene 

expression (Gündüz & Hasanoğlu 2016). 

Leptin and Melatonin Interaction (Obesity & 

Reproduction) 

The interaction between leptin and melatonin has been 

linked to disorders of the reproductive system and other 

conditions. The reproductive system is very sensitive to 

nutrients and metabolism. Leptin has a major role in the 

regulation of food intake and body weight and metabolic 

gate to the reproductive system (Wade et al. 1996). For 

example, ob/ob mice are genetically infertile. Leptin 

treatment restores infertility in genetically interfile ob/ob 

mice (Chehab et al. 1996). Low level of circulation leptin 

due to food restriction is linked to reduced secretion of 

gonadotropins (Cunningham et al. 1999, Karakaş et al. 

2005).  

Melatonin regulates fat metabolism in some 

mammalian species (Rasmussen et al. 1999, Wolden-

Hansen et al. 2000, Baltaci & Mogulkoc 2007) and Syrian 

hamsters show an inverse relationship between melatonin 
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levels and leptin concentration (Figs 4-5) (Gündüz 2002, 

Balkan & Gündüz 2023). 

Melatonin may be the primary regulator of leptin 

metabolism in raccoon dogs and Syrian hamsters, as 

evidenced by the fact that leptin levels are reduced and 

circadian changes of leptin are abolished in animals treated 

with melatonin (Gündüz 2002, Nieminen et al. 2002). The 

melatonin hormone may have a direct impact on the ob 

gene's mRNA expression. Zalatan et al. (2001) revealed the 

blocking effect of melatonin on fatty acid transport through 

melatonin-receptor–mediated mechanism. The 

hypothalamus of seasonally breeding mammals such as 

hamsters is programmed differently for long (summer) and 

short (winter) days. While the hypothalamus is sensitive to 

the leptin hormone on short days, it becomes resistant to it 

on long days (Zieba et al. 2007). Leptin is modulated by 

photoperiodical signals in seasonal breeding mammals, 

according to that study. The role of the pineal gland 

hormone melatonin in controlling leptin in sheep is 

demonstrated by the seasonal switch to leptin response 

(Zieba et al. 2007). Melatonin regulates the energy balance 

by involving three steps, namely food intake, energy 

storage, and energy expenditure, by sending photoperiodic 

signals to the central nervous system. 

Kisspeptin is a neuropeptide that is primarily produced 

in the brain of photoperiodic animals that exhibit seasonal 

reproduction and is thought to have significant effects on 

the hypothalamic-pituitary-gonadal (HPG) axis. In 

addition to how kisspeptin affects fertility, current 

research has focused on how kisspeptin regulates energy 

balance and body weight (Harter et al. 2018). One of our 

most recent studies found that kisspeptin mRNA 

expression is low during the dark phase when leptin 

hormone is low, but peptide release is high (Fig. 6). 

Although this characteristic exists in Syrian hamster 

species, some rat and mouse species show a more 

pronounced linear relationship between kisspeptin and 

leptin. The discovery that leptin induces kisspeptin gene 

expression supports the idea that kisspeptin neurons may 

modify energy balance (Smith et al. 2006, Hill et al. 

2008). Leptin increases the expression of the kisspeptin 

gene. Kisspeptin neurons do not have melatonin 

receptors, so it is unclear where melatonin regulates 

kisspeptin expression (Li et al. 2011).  

Conclusion 

The circadian clock, an internal timekeeping system, 

has emerged as a crucial regulator of metabolism and 

energy balance in peripheral tissues. Beyond its well-

known influence on the endocrine system, the circadian 

clock coordinates metabolic processes in organs such as 

the liver, adipose tissue, and skeletal muscle. This 

intricate system ensures that metabolic functions are 

optimally synchronized with daily fluctuations in 

environmental cues, such as light-dark cycles and 

feeding-fasting rhythms. Disruptions to the circadian 

clock, such as those experienced during shift work or 

chronic jet lag, have been associated with metabolic 

disorders, including obesity, insulin resistance, and 

dyslipidemia. Although there have been great changes in 

our lifestyle with industrialization, there has been no 

change in our genetic structure for about ten thousand 

years. Today, the incompatibility between genetic 

structure/lifestyle has paved the way for the development 

of many chronic diseases. Modern lifestyle has 

contributed to high energy consumption, unbalanced diet 

and sedentary lifestyle, causing obesity to become 

epidemic. However, studies have shown that working at 

night, exposure to artificial light, and reduction in sleep 

time, which are one of the most important changes 

brought about by industrialization, also contribute to the 

pathogenesis of obesity. Circadian (biological) clock 

genes and gene products that make up our biological 

rhythm and are affected by the sleep/wake cycle and have 

a critical role in important physiological pathways for 

metabolism. Therefore, determining the relationship 

between circadian system dysfunctions and changing 

nutritional balance and obesity development should be 

considered in the treatment and prevention of obesity. 

The interaction between melatonin and leptin extends 

beyond their direct influence on each other, as they also 

modulate the expression of key genes involved in energy 

balance regulation, such as NPY and AgRP. Melatonin 

has been shown to suppress the expression of NPY and 

AgRP in hypothalamus, two neuropeptides known for 

their orexigenic properties, meaning that they stimulate 

appetite and increase food intake. This inhibition of NPY 

and AgRP by melatonin suggests a role in appetite 

regulation and satiety. On the other hand, leptin, a 

hormone produced by adipose tissue, acts on 

hypothalamus to decrease appetite and increase energy 

expenditure. Leptin signaling inhibits the expression of 

NPY and AgRP, resulting in reduced food intake and 

increased energy expenditure. The complex interplay 

between melatonin, leptin, NPY, and AgRP genes 

highlights the intricate regulatory mechanisms involved in 

maintaining energy balance and suggests potential 

therapeutic targets for metabolic disorders. Further 

research into these interactions may provide insights into 

the development of interventions for conditions such as 

obesity and overeating disorders. 
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Instructions to Authors 

Trakya University Journal of Natural Sciences 

(Trakya Univ J Nat Sci) 

  

Trakya University Journal of Natural Sciences is published twice a year in April and in October 
and includes theoretical and experimental articles in the fields of Biology, 
Biotechnology and Basic Medical Sciences. Original studies, research notes, reviews, technical 
notes, letters to the Editor and book reviews can be published in the journal. The publishing language 
for all articles in the journal is English. On the other hand, authors are required to provide a Turkish 
abstract also. The Turkish version of the abstract will be supplied by the journal for foreign authors. 
Abstracts should include an introduction, material and methods, results and discussion sections in 

summary. The authors should pay attention to research and publication ethics Committee on Publication 

Ethics (COPE) in preparation of their manuscripts before submission by considering national and 

international valid ethics. An approval of Ethics and Animal Welfare Committee is mandatory for 
submissions based on experimental animals and this approval should be provided during the 
submission of the manuscripts. Articles that have not been published elsewhere previously and whose 

copyright has not been given anywhere else should be submitted. All responsibilities related to 
published articles in the Trakya University Journal of Natural Sciences belong to the authors. 

Submitting articles 

Articles should be submitted on the web through https://dergipark.org.tr/trkjnat and all submissions 
should be performed online. 

Authors, who are already a member of the DergiPark system, can enter in the login section using 
their “user name” and “password“ to submit their articles. 

Authors entering the DergiPark system for the first time to submit an article will enter in the 
“REGISTER” section to submit their articles. 

Article preparation rules 

Articles should be submitted to the Journal using MS Word preparing 12 points Times New 

Roman font and 1.5 raw spacing. Author names and contact info must be on the first page, 
the article must continue on the second page without author names and contact info. The 
whole article should have been numbered with a line number restarting each page. The author's 
name must not be specified any academic titles. If studies are supported by a foundation, this support 
should have been written in the acknowledgement section. 

Articles should be arranged as below: 

Authors: The name(s) of the author(s) should not be abbreviated and must be written under the 

title one by one, with surnames in capital letters. Address(es) should be written in full. Corresponding 
authors in multiple-authored submissions should be indicated, and the address and e-mail of the 
corresponding author should be written just under the author(s) list. No other information about 
the manuscript should be included in this page. The main manuscript text should start with 
the following new page and should not include any author-contact information. 

Title: Should be short and explanatory and written in capital letters and centered. 

Abstract and keywords: Turkish and English abstracts should not exceed 250 words. “Keywords” 
should be written under the abstract in small letters and all keywords should be written using a 
comma after all. Keywords should not be replica of the title words if it is not obligatory.  

The abstract must consist of 1. background, 2. purpose, 3. method, 4. results and 5. main 
conclusions. 

Introduction: The aim of the submitted and history of the previous studies should be indicated in this 
section. SI (Systeme International) system and abbreviation should be used in the article. Other 

abbreviations- should be explained once in their first appearance in the text. No “.” sign should be used 
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https://dergipark.org.tr/trkjnat


 

 

after abbreviations except those used at the end of a sentence (…the determined distance is 45 m. 

Therefore, …). 

Material and Method: If the submitted study is experimental, the methods of the experiments 
should be given in detail. The method(s) used in the article should be descriptive for others to repeat. 
If a widely known experimental method is used, the method does not need to be explained in detail. 
In this situation, indicating only the name of the experimental method or citing the study who used 
the method for the first time will be enough. 

Results: Obtained results should be given in this section without any comment. Results can be 

explained with tables, figures or graphics, if necessary. 

Discussion: Results must be discussed, but unnecessary duplications should be avoided. In this 
section, rather than giving literature data, authors should focus on their results considering 
similarities and differences with and between previously conducted researches and should discuss 
possible reasons of similarities and differences. The contribution to science and the importance of 
the obtained results should also be mentioned as much as possible in this section. 

Acknowledgements: Should be as short as possible. Thanks are usually made to institutions or 
individuals who support the study or to experts who reviewed the article before submitting to the 

journal. The acknowledgement section should be given before the references section in a separate 
header. 

References: Unpublished information should not be given as a reference (examples of unpublished 
references: articles in preparation or submitted somewhere, unpublished data or observations, data 
obtained based on interviews with individuals, reports, lecture notes, seminars, etc.). However, 

thesis completed and signed by a jury and articles with DOI numbers given can be used as reference. 
References should be given at the end of the text, sorted alphabetically by author’s surname and 
should be given with numbering. 

 
 

Reference style: 

You can download the Endnote style of TUJNS from http://www.researchsoftware.com. 

Or you can follow the instruction below. 

 

 

Articles: Surname of the author, the first letter of author’s first name. publication year. article 

title, the name of the journal, volume, issue, page numbers. Journal name is written in italics. 

Example:  

Articles with single author 

Surname, N. Year. Article title (First letter of all words small). Whole name of journal, Volume 
(Issue): page range. 

Aybeke, M. 2016. The detection of appropriate organic fertilizer and mycorrhizal method enhancing 
salt stress tolerance in rice (Oryza sativa L.) under field conditions. Trakya University Journal of 

Natural Sciences, 17(1): 17-27. 

Articles with two or more authors 

Surname1, N1. & Surname2, N2. Year. Article title (First letter of all words small). Whole name 
of journal, Volume (Issue): page range. 

Dursun, A. & Fent, M. 2016. Contributions to The Cicadomorpha and Fulgoromorpha (Hemiptera) 
fauna of Turkish Thrace region. Trakya University Journal of Natural Sciences, 17(2): 123-128. 

Surname1, N1., Surname2, N2. & Surname3, N. Year. Article title (First letter of words 

small). Whole name of journal, Volume (Issue): page range. 

Becenen, N., Uluçam, G. & Altun, Ö. 2017. Synthesis and antimicrobial activity of 
iron cyclohexanedicarboxylic acid and examination of pH effect on extraction in water and organic 
phases. Trakya University Journal of Natural Sciences, 18(1): 1-7. 
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Preprints: Surname of the author, the first letter of author's first name. publication year. article 
title, the name of the repository [Preprint], (cited: 12.08.2017). DOI number 

Example:  
Augustine, D., Rao, R.S., Gns, H.S., Anbu, J. & Saraswathy, G.R. 2022. Anticancer Potential of 
Eudrilus Eugeniae Coelomic Fluid Protein on SCC-9 Cells-In Vitro Gene Expression entwined with 
Cutting-Edge In-Silico Strategy, Research Square. [Preprint] (cited: 02.01.2024). 
https://doi.org/10.21203/rs.3.rs-439242/v1 

 

Book: Surname of author, first letter of author’s first name, Year. Book title (name of translator or 
book editor if present), volume, edition number, press, city, page number. 

Example: 

Surname, N. Year. Book Title (First letter of words small and italic), volume, edition number, press, 

city, page number. 

Czechowski, W., Radchenko, A., Czechowska, W. & Vepsäläinen, K. 2012. The ants of Poland with 
reference to the myrmecofauna of Europe. Museum and Institute of Zoology PAS, Warsaw, 496 pp. 

  

Book Section: Surname of author, first letter of the author’s first name, Year. Section name, page 
range. In: (Editor(s) of Book, Book title, press, city, page number). 

Example: 

Surname, N. Year. Section name, page range. In: Editor of Book, Book title (First letter of words 

small and italic), press, city, page number. 

Jansson, A. 1995. Family Corixidae Leach, 1815—The water boatmen. pp. 26-56. In: Aukema, B. & 
Rieger, C.H. (eds). Catalogue of the Heteroptera of the Palaearctic Region. Vol. 1. 
Enicocephalomorpha, Dipsocoromorpha, Nepomorpha, Gerromorphaand Leptopodomorpha. The 
Netherlands Entomological Society, Amsterdam, xxvi + 222 pp. 

Congress, Symposium: Surname, N. Year. Presentation title (first letters of all words small), page 

range. Name of Congress/Symposium, Date (day range and month), place. 

Example:   

Bracko, G., Kiran, K., & Karaman, C. 2015. The ant fauna of Greek Thrace, 33-34. Paper presented 
at the 6th Central European Workshop of Myrmecology, 24-27 July, Debrecen-Hungary. 

Internet: If any information is taken from an internet source (articles published in journals and 
taken from internet excluded), internet address should be written in full in references section and 
access date should be indicated. 

Surname, N. Year. Name of study (First letter of words small). http://www...... (Date accessed: 
12.08.2009). 

Hatch, S. 2001. Student sperception of online education. Multimedia CBT 
Systems. http://www.scu.edu.au/schools/sawd/moconf/papers2001/hatch.pdf (Date accessed: 
12.08.2009). 

  

References within the text should not be numbered and indicated as in the following examples. 

Examples: 

... atmospheric pollution is causing by x matter (Landen 2002). If an article has two authors, it should 
be indicated in the text as (Landen & Bruce 2002) or ... according to Landen & Bruce (2002) .... If 
there are three or more authors, references should be indicated as (Landen et al. 2002) or according 
to Landen et al. 2002 ... 

http://www.scu.edu.au/schools/sawd/%20moconf/papers2001/hatch.pdf


 

 

Graphics and tables: All photos, pictures, drawings and graphics except tables should be indicated 

as Figures. Pictures, figures and graphics should be clear and ready to print with the offset technique. 
The places of all tables and figures should be indicated in the text. All tables and figures should be 
numbered within the text respectively (Table 1, Fig. 1, Figs 3, 4). Figure numbers and legends are 
written below the figures, table numbers and legends are written above the tables. 

All figures (all pictures, drawings and graphics except table) should also be uploaded to the system 
separately with 300dpi resolution at least as .tif file using the figure numbers in the files name. 

Submitted articles are subjected to prior review by the Editorial Board. Editorial Board has the right 

to reject the articles which are considered of low quality for publish or those which are insufficiently 
prepared according to the author guidelines. The articles accepted for consideration for evaluation 
will be sent to two different referees. Editorial Board decides to accept or reject the submissions for 
publication by taking into account the reports of referees. 

 

COPYRIGHT 

The authors retain the copyright and full publishing rights to the article without any restriction. 
 

 

LICENSE 

All articles published in TUJNS is on the “Open Access” terms. All publications are published under 
the Creative Commons Attribution 4.0 Generic Licence (CC BY 4.0) 
(http://creativecommons.org/licenses/by/4.0/legalcode) which allows to copy and distribute the 

material in any medium or format and transform and build upon the material, including for any 
purpose (including commercial) without further permission or fees being required. 
 
 

EXPLOITATION ENQUIRY AND COMPLAINTS 

All kinds of exploitation doubts and complaints about manuscripts, either published or in 
the publication process, are evaluated by the Editorial Board. The Editorial Board strictly follows the 

directives of COPE (Committee on Publication Ethics) during the evaluations. An ombudsman who 
has no connection with the parts in any stage of the complaint is appointed and a decision is made. 
Complaints can be sent to the editor in chief by sending an e-mail to tujns@trakya.edu.tr. 

          

POST-PUBLICATION CHANGE AND WITHDRAWAL OF A MANUSCRIPT 

Changes in author ordering, removal or addition of a new author in and withdrawal of a published 

manuscript can be realized by sending an application to tujns@trakya.edu.tr. The application e-
mail should include the reason of the requested change with the evidences. The reasons and 
the evidence are discussed and finalized by the Editorial Board. Further submissions of authors of a 
formerly accepted manuscript undergoing a change process are automatically sent back to the 
authors until the final decision of the manuscript in process. 
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