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Abstract in English 
language: 

Introduction: The process of carcinogenesis may be developed in any cell, 

tissue or organ, which consequently causes a series of pathological changes 

resulting in different cancers. Mitochondrial dysfunction or defects could be 

a potential cause of tumour changes, which has encouraged numerous 

researchers to focus their field of interest on examining the pathogenesis 

and role of mitochondria in the development of various tumours. Carnosine 

ό-̡ alanyl-l-histidine) is a natural dipeptide present in many tissues such as 

muscles, lungs, eyes, brain, kidneys and liver. In addition to the well-known 

numerous roles, there are also an antioxidant and antitumour potential of L- 
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 carnosine, which are reflected on several levels of action. These functions of 

L-carnosine have been investigated on numerous continuous cell lines as 

well as on animal models. 

 
The aim: This thesis was designed to determine the antitumour potential of 

the pure substance L-carnosine as well as the supplements Karnozin EXTRA® 

and Now® L-carnosine in vitro on continuous tumour cell lines of human 

breast adenocarcinoma (MCF-7), and human glioblastoma (U87), analyzing 

the effects on morphological features, proliferative capacity, vimentin (VIM), 

and superoxide dismutase (SOD2) protein expression, migratory ability, as 

well as the effect on their bioenergetic profile. To understand the possible 

effects of these formulations, the entire concept of the study were carried 

out on the healthy hamster kidney cell line (BHK-21/C-13), and on human 

fetal lung fibroblast cells (MRC-5). 

 
Material and methods: The evaluation of antitumour potential was 

conducted by analyzing a number of possible levels on which carnosine 

exerts its action. Morphological changes were analyzed after standard 

staining of tumor and healthy cells with hematoxylin and eosin, and by using 

phase contrast. The proliferative capacity was analyzed using the MTT test. 

The migratory ability of the treated cells was monitored by "scratch" assay. 

Using immunofluorescent staining of cells with anti-VIM and anti-SOD2 

antibodies, the total fluorescence intensity was determined. In the last part 

of the experimental study we analyzed the "intact cells" respiration, 

digitonin concentration required for cell membrane permeabilization, and 

activities of mitochondrial respiratory complexes. 

 
Results: Application of the pure substance of L-carnosine, and the Karnozin 

EXTRA® and Now® L-carnosine resulted in changes in morphological 

characteristics in terms of shape and size. Inhibition of the proliferative 

capacity of both tumour cell lines and migration of U87 cells were also 

presented. The effect on the VIM expression in the cytoplasm of U87 cells 

after treatment with the Karnozin EXTRA® was evident (p<0.0001), while the 

application of the pure substance and the Now® L-carnosine had no effect. 

Analysis of the oxidative (SOD2) marker level revealed that the treatments 

caused a decrease in the MCF-7 cells (p<0.0001), while no significant 

changes were observed in U87 cells. Also, it was established that the 

treatments of both tumour lines led to the inhibition of energy production 

by acting on the components of the mitochondrial respiratory chain. 

Regarding the effect on healthy cells, the treatment with the pure substance 

of L- carnosine, and Now® L-carnosine did not change the morphology and 

proliferative capacity, while the Karnozin EXTRA® caused the opposite 

effects on the MRC-5 cell line. Treatment with Karnozin EXTRA® led to an 

increase in the expression of VIM at all concentrations (p<0.0001), as well as 

an increase in the SOD2 expression at the carnosine concentrations of 5 and 

10 mM in both healthy cell lines (p<0.0001). Treatment with Now® L- 

carnosine in BHK-21/C-13 cells decreased, while in MRC-5 cells increased 

SOD2 expressions (p<0.001). Treatments carried out at concentrations of 2 

 
  



 

 and 5 mM of carnosine led to an increase in energy production by 

stimulating the activity of the mitochondrial respiratory chain complex as 

well as the maximum capacity of the electron transport system in BHK-21/C-

13 cells (p<0.0001), while the concentration of 10 mM carnosine exhibited 

inhibitory effects (p<0.0001). Incubation of MRC-5 cells with the pure 

substance L- carnosine as well as the preparation Now® L-carnosine at all 

tested concentrations led to the inhibition of the activity of complex I of the 

mitochondrial respiratory chain with a consequent decrease in the value of 

the maximum capacity of the electron transport system, while the 

application of the preparation Karnozin EXTRA® caused the inhibition of 

energy production by acting on all levels of the mitochondrial respiratory 

chain (p<0.001). 

Conclusion: The antitumour potential and cytotoxic effects of the testedL- 
carnosine formulations on continuous tumour cell lines were proven through 
the its action on several cellular levels. However, the exact molecular 
mechanism is still unraveled. The results presented in this thesis on tumour 
and healthy cell lines indicate for further in vivo and clinical studies, all for the 
far-reaching goal of the future application of these formulations for both 
preventive and supportive treatment of diseases that affect the human 
population. 
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1. Introduction 

1.1 Characteristics of Malignant Tumours 
 

The process of carcinogenesis can occur in any cell, tissue, or organ, leading to 

pathological changes that result in the formation of a large number of cancers. The 

pathogenesis is fundamentally a multifactorial process, primarily driven by genetic 

predispositions, but also by environmental factors. The number of deaths among cancer 

patients is alarmingly increasing each year, making this disease one of the leading causes of 

death worldwide (1, 2). Although a significant number of cancers do not always lead to a fatal 

outcome, one thing is certainτthey have a substantial impact on the reduction of quality of 

life. 

 

The dysregulation of cell proliferation, as well as the metastatic potential of cancer 

cells originating from the primary tumour to invade surrounding or distant tissues, represent 

the main mechanisms that enable the progression of this disease (Figure 1.1.1) (3). Abnormal 

cell proliferation arises due to the dysregulation of the cell cycle (with particular emphasis on 

the G1/S transition phase), caused by changes in the expression of oncogenes as well as 

tumour suppressor genes, which are crucial in controlling the cell cycle (4). 
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Figure 1.1.1. Schematic representation of A) cell proliferation and i B) migration of malignant 

cells. BM ς basement membrane, ECM ς extracellular matrix. Adapted and modified from: 

Novikov NM, Zolotaryova SY, Gautreau AM, Denisov EV. Mutational drivers of cancer cell 

migration and invasion. Br J Cancer. 2021;24(1):102-14. and from the website: 

https://www.cancerresearchuk.org/about- cancer/what-is-cancer/how-cancers-grow 

 

Numerous studies have been dedicated to investigating the mechanisms that are 

crucial and contribute to the ability of malignant cells to migrate through the extracellular 

matrix (ECM), thereby establishing the formation of secondary metastatic changes (Figure 

1.1.1B) (5-7). Among the most significant mechanisms are: the loss of key epithelial markers 

such as E-cadherin, and the consequent disruption of intercellular connections as a result of 

either a reduction or inactivation of the expression of the gene for this protein; altered 

expression of integrin proteins, which destabilizes cell-matrix interactions; stimulated 

production of enzymes involved in ECM degradation, such as metalloproteases, which facilitate 

amoeboid migration of malignant cells through the ECM; and dysregulation of actin 

polymerization and contractility dynamics (8-10), which contribute to changes in cell shape, 

including the formation of protrusions and extensions, all aimed at facilitating movement (11). 

 

In addition to the mentioned characteristics, it is important to emphasize excessive 

angiogenesis, which is also a key tumorigenic phenomenon (12). Angiogenesis represents the 

process of formation and development ...of new blood vessels from the existing vasculature 

(13), and involves a series of steps, starting from perivascular detachment, vascular dilation, 

angiogenic sprouting, the formation of new blood vessels, and finally the recruitment of 

perivascular cells to stabilize the newly formed blood vessels (14).  

The process of angiogenesis is correlated with tumour initiation, malignant 

progression, and poor prognosis (15). 

Hypoxic conditions within the tumour centre trigger and condition signalling events 

that stimulate the process of angiogenesis, resulting in the migration and proliferation of 

endothelial cells, all aimed at better vascularization (16, 17). The signalling events associated 

with the hypoxic tumour centre are initiated by the stabilization of hypoxia-inducible factor 

https://www.cancerresearchuk.org/about-cancer/what-is-cancer/how-cancers-grow
https://www.cancerresearchuk.org/about-cancer/what-is-cancer/how-cancers-grow
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(HIFa), which, as a key transcription factor, leads to the induction and secretion of vascular 

endothelial growth factor (VEGF) (18). Activation of VEGFR1 and VEGFR2 receptors on 

endothelial cells initiates signalling pathways involving ERK, p38 MAPK, and p125FAK (19), 

ultimately stimulating endothelial cells to produce and secrete factors such as matrix 

metalloproteinases, which aid in the proliferation and chemotactic migration of these cells 

(20). 
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1.2. Characteristics of Energy Metabolism in Healthy and Tumour Cells 
 

1.2.1. Energy Metabolism of Healthy Cells 

1.2.1.1. Krebs Cycle 

 

All aerobic organisms primarily rely on the Krebs cycle, also known as the citric acid 

cycle or the tricarboxylic acid (TCA) cycle. The Krebs cycle consists of a series of biochemical 

reactions that take place in the mitochondrial matrix, during which biochemical compounds 

are oxidized, providing aerobic organisms with energy (21). It is the final or terminal metabolic 

pathway for lipids, carbohydrates, and amino acids, and it can be said to connect all other 

individual metabolic pathways (22). 

 

The energy necessary for cell life and reproduction is provided from two sources. The 

first process takes place in the cytoplasmic region and is called glycolysis, while the second 

process pertains to the TCA cycle, which occurs in mitochondria in eukaryotic cells and in the 

cytosol in prokaryotic cells. In the glycolytic pathway, glucose or glycogen is converted into 

pyruvate through a series of biochemical reactions, producing two molecules of adenosine 

triphosphate (ATP) from each molecule of glucose. Glycolysis is considered a key pathway for 

energy production in various cells, such as anoxic, embryonic, or rapidly proliferating cells, as 

well as in CNS cells, which meet their energy needs exclusively through this pathway and are 

dependent on the availability of glucose. In the TCA cycle, the pyruvate produced during 

glycolysis is used, and this pathway produces 36-38 molecules of ATP from each glucose 

molecule (23). Two carbon atoms are oxidized to carbon dioxide, with this oxidation energy 

being coupled with the synthesis of guanosine triphosphate (GTP) or ATP, whose subsequent 

dissociation transfers energy to other metabolic pathways that require it (Figure 1.2.1) (23). 

 

The TCA cycle can be divided into two phases: 1) decarboxylation, in which citrate (a 

compound with 6 carbon atoms) is converted into succinyl-CoA (a compound with four carbon 

atoms), releasing two carbon atoms, and 2) reduction, which consists of consecutive reactions 

of oxidation of succinate to fumarate, fumarate to malate, and malate to oxaloacetate (24). 
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Figure 1.2.1. Schematic representation of the biochemical reactions that occur within the 

Krebs cycle.  Adapted and modified from the website: https://hr.weblogographic.com/why-is-

citric-acid-cycle-called- cycle 

The oxidative pathways of fatty acids, glucose, amino acids, and ketone bodies 

generate a compound known as acetyl-coenzyme A (acetyl-CoA). On the other hand, 

oxaloacetate is a compound that is produced at the end of each TCA cycle, allowing the cycle 

to continue. Oxaloacetate can also originate from pyruvate, which enters the mitochondria 

after the process of glycolysis, or it can be produced through the oxidation of fatty acids during 

-̡oxidation. The TCA cycle begins with the condensation reaction of these two compounds, 

acetyl-CoA and oxaloacetate, to form citrate, facilitated by the enzyme citrate synthase. The 

resulting citrate can be exported to the cytoplasm to serve as a precursor for lipid synthesis or 

https://hr.weblogographic.com/why-is-citric-acid-cycle-called-cycle
https://hr.weblogographic.com/why-is-citric-acid-cycle-called-cycle
https://hr.weblogographic.com/why-is-citric-acid-cycle-called-cycle
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remain in the mitochondria, where it is further processed The enzyme aconitase converts 

ŎƛǘǊŀǘŜ ƛƴǘƻ ƛǎƻŎƛǘǊŀǘŜ όнрύΦ ¢ƘŜ ŎƻƴǾŜǊǎƛƻƴ ƻŦ ƛǎƻŎƛǘǊŀǘŜ ǘƻ ʰ-ketoglutarate represents the first 

oxidative decarboxylation reaction of the TCA cycle, catalysed by the enzyme isocitrate 

ŘŜƘȅŘǊƻƎŜƴŀǎŜΦ ¢ƘŜ ʰ-ketoglutarate dehydrogenase complex catalyses ǘƘŜ ŎƻƴǾŜǊǎƛƻƴ ƻŦ ʰ-

ketoglutarate into succinyl-CoA and CO2 (26). Then, the enzyme succinyl-CoA synthetase 

facilitates the conversion of succinyl-CoA into succinate, producing GTP or ATP in the process. 

Succinate is further oxidized into fumarate by the enzyme succinate dehydrogenase. It is 

important to note that succinate dehydrogenase is part of both the TCA cycle and the 

mitochondrial respiratory chain, where it is known as complex II (27). The next reaction 

involves the enzyme fumarase, which catalyses the conversion of fumarate into malate. The 

"final" reaction of the TCA cycle converts malate into oxaloacetate. This reaction is mediated 

by the enzyme malate dehydrogenase and couples the oxidation of malate with the reduction 

of nicotinamide adenine dinucleotide (NAD+) (28). 

 

During the Krebs cycle, the reduced forms of flavin adenine dinucleotide (FADH2) and 

NADH are synthesized from the compound acetyl-CoA, which is a product of pyruvate 

decarboxylation (29). NADH generates a significant reduction potential necessary for ATP 

production via the mitochondrial respiratory chain, also known as the electron transport 

system (ETS), during the process of oxidative phosphorylation (30). 
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1.2.1.2. Mitochondrial Respiratory Chain Complexes 

Mitochondria are central organelles crucial for energy integration processes in 

eukaryotic cells (31). The production of ATP, the key energy source for cells through aerobic 

oxidation of substrates (OXPHOS), is the primary function of mitochondrial metabolism. This 

process provides the energy necessary for survival, growth, reproduction, and the correction 

of potentially arising defects (32). 

In the late 1950s, several redox enzymes and proteolytic groups responsible for 

electron transfer along the mitochondrial respiratory chain were identified (33). The overall 

activity of the mitochondrial respiratory chain in mammals is represented as a sequential 

transfer of electrons between four major multi-enzyme complexes and two mobile carriers 

dispersed along the inner mitochondrial membrane. 

The mitochondrial respiratory chain complexes, or ETS (Electron Transport System), 

include: Complex I (C I), known as NADH-CoQ oxidoreductase; Complex II (C II), or succinate 

dehydrogenase; Complex III (C III), also known as cytochrome c reductase; and Complex IV (C 

IV), known as cytochrome c oxidase (Figure 1.2.2) (34-36). These complexes facilitate the 

transfer of electrons from reduced equivalents to molecular oxygen, coupled with the creation 

of a proton gradient across the inner mitochondrial membrane (37). 

Additionally, electron transfer is enabled by the diffusion of two mobile components 

that act as cosubstrates: the lipophilic ubiquinone, known as coenzyme Q (CoQ), embedded in 

the lipid bilayer of the membrane, and the hydrophilic heme protein cytochrome c (cyt c) 

located on the outer surface of the inner mitochondrial membrane (Figure 1.2.2) (38, 39). It is 

important to highlight that if the integrity of the outer mitochondrial membrane is 

compromised, cytochrome c is subsequently released into the cell cytosol. When this process 

occurs, there is a drastic reduction in the rate of electron transport along the ETS, as well as 

the activation of caspases and degradative enzymes in the cytosol, which together act as 

triggers for the onset of apoptosis (40) 



 

8 

Doctoral dissertation !ƭŜƪǎŀƴŘǊŀ tƻǇƻǾƛŏ 

 

 
Figure 1.2.2. Illustration of the complexes and mobile carriers of the electron transport 

system located on the inner mitochondrial membrane. Adapted and modified from the 

website: https://orbitbiotech.com/electron-transport-chain-q-cycle-complex-iicomplex-i-iron-

sulfur- proteins-coenzyme-q/ 

 

 

Figure 1.2.3 presents a schematic representation of the oxidative phosphorylation 

system on the inner membrane of mitochondria in mammalian cells. Complexes I and II link 

ƳŜǘŀōƻƭƛŎ ƻȄƛŘŀǘƛƻƴ ƛƴ ǘƘŜ ƳƛǘƻŎƘƻƴŘǊƛŀƭ ƳŀǘǊƛȄ ό¢/! ŎȅŎƭŜ ŀƴŘ ʲ-oxidation) with the reduction 

of CoQ. Reduced CoQ reoxidizes Complex III, which transfers electrons via cyt c to Complex IV 

(the terminal oxidase). The transfer of electrons from donors with a low redox potential to 

acceptors with a higher redox potential in all three complexes is associated with the movement 

of protons from the mitochondrial matrix into the intermembrane space, which is in 

homeostasis with the cell's cytosol. These three complexes (C I, III, and IV) are referred to as 

the "coupling sites" of the respiratory chain (41). The creation of a proton gradient across the 

mitochondrial membrane is crucial for the proper functioning of Complex V, represented as 

ATP synthase, where energy production occurs (42). 

https://orbitbiotech.com/electron-transport-chain-q-cycle-complex-iicomplex-i-iron-sulfur-proteins-coenzyme-q/
https://orbitbiotech.com/electron-transport-chain-q-cycle-complex-iicomplex-i-iron-sulfur-proteins-coenzyme-q/
https://orbitbiotech.com/electron-transport-chain-q-cycle-complex-iicomplex-i-iron-sulfur-proteins-coenzyme-q/
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Figure 1.2.3. Schematic representation of the electron transport system (ETS) on the inner 

membrane of mitochondria in mammalian cells,  there are four enzyme complexes (C I-IV), two 

intermediary substrates - coenzyme Q and cytochrome c and ATP synthase which is responsible 

for generating ATP. 

Taken and modified from the website: https://flexbooks.ck12.org/cbook/ck-12-biology-

flexbook- 2.0/section/2.28/primary/lesson/electron-transport-bio/ 

  

In a steady state, mitochondria undergoing respiration maintain a transmembrane 

electrochemical gradient of approximately 220 mV. The proton motive force can be expressed 

ŀǎΥ ɲǇ Ґ ɲ˕ ҍ όнΦоw¢κCύɲǇIΣ ǿƘŜǊŜ ɲ˕ ƛǎ ǘƘŜ ƳŜƳōǊŀƴŜ ǇƻǘŜƴǘƛŀƭΣ ŀƴŘ ɲǇ ƛǎ ǘƘŜ ǇI ŘƛŦŦerence 

across the membrane, with negative signs representing values prevailing in the mitochondrial 

cytoplasmic matrix. R is the gas constant, and F is the Faraday constant. The membrane 

potential is positive on the outside, while the pH value is lower outside than in the 

mitochondrial matrix (43). 

https://flexbooks.ck12.org/cbook/ck-12-biology-flexbook-2.0/section/2.28/primary/lesson/electron-transport-bio/
https://flexbooks.ck12.org/cbook/ck-12-biology-flexbook-2.0/section/2.28/primary/lesson/electron-transport-bio/
https://flexbooks.ck12.org/cbook/ck-12-biology-flexbook-2.0/section/2.28/primary/lesson/electron-transport-bio/
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Redox cofactors are located within proteins, which also provide isolation from the 

surrounding aqueous environment, as well as binding sites for chemicals necessary for electron 

donation and acceptance. The electron transport system (ETS) contains flavins, iron-sulphur 

clusters, several types of hemes, and copper in the terminal oxidase. Families of redox carriers 

have different properties depending on the variants of cofactor structures and the specific 

protein environment (43).  

 

Flavin mononucleotide (FMN) and FAD are derived from the vitamin riboflavin in 

humans and can be reduced by one electron to form flavosemiquinone or by two electrons to 

form flavohydroquinone (Figure 1.2.4). All forms can be protonated or not, depending on the 

needs of the environment. In the electron transport system (ETS), Complex I contains FMN, 

while FAD is a cofactor in the non-proton pump enzyme Complex II in the TCA cycle and also 

acts as a flavoprotein that transfers electrons in fatty acid oxidation processes. The role of 

flavins in Complexes I and II is reflected in the transfer of two electrons when entering from 

NADH or succinate, thus enabling and continuing the further path down a series of iron-sulphur 

clusters contained in these complexes. Specifically, the mitochondrial respiratory chain 

contains clusters with two, three, or four iron atoms connected to sulphur atoms. Fe2S2 and 

Fe4S4 clusters are shown in Figure 1.2.4. Each cluster differs by only one electron, so the 

charge is unevenly distributed across the metal atoms (mixed valence state). The reduced 

forms can be detected by electron paramagnetic resonance, which has been a useful tool for 

determining the reduction of the mitochondrial membrane since 1960 (45), and it is also used 

for examining different proportions of oxidized and reduced carriers in complex systems (46). 

 

Cytochromes contain heme groups, or iron surrounded by a porphyrin ring that 

provides four coordination sites, with the fifth and sixth sites typically occupied by amino acid 

side chains, usually histidine or methionine. Different types of hemes are characterized by 

specific visible spectral changes upon reduction. The cytochrome groups play a role in the 

transfer of electrons from mobile CoQ to oxygen. The c-type heme is found in cyt c, a mobile 

electron carrier between Complex III and Complex IV (Figure 1.2.4). To facilitate the transfer 
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of electrons along the mitochondrial respiratory chain, the small, highly conserved protein cyt 

c binds to Complex I to accept an electron, and on the other side, to Complex II to donate the 

electron through electrostatic binding (43). 

 

Heme groups carry only one electron each, but four electrons are actually required 

for the reduction of oxygen to water, which occurs at the very end of the mitochondrial 

respiratory chain.  

The final process of oxygen reduction to water is achieved in Complex IV through the 

use of a combination of heme and copper centres, which contain two copper atoms 

coordinated with histidine, methionine, and the carbonyl of the main chain. However, although 

it contains two copper atoms, this centre can accept only one electron, which is delocalized 

across both copper atoms (43).  

 

 

 
Figure 1.2.4. A) Structures of Redox Factors. FMN ς in Its Oxidized Form and Semiquinone ς 

the One Electron Reduced Form, B) Iron-Sulfur Clusters Fe2S2 and Fe4S4, C) Heme. Taken and 

Modified from the Work: Ramsay RR. Electron Carriers and Energy Conservation in 
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Mitochondrial Respiration. ChemTexts. 2019;5(2):1-4. 

 

Electron carriers are reduced according to the generalized reaction: 

 

oxidized + neҍ + mH ҭ  reduced 

 

where "n" denotes the number of involved electrons, and "m" represents the 

number of hydrogen atoms (H). The midpoint potential is said to represent the potential 

value at which half of the molecules are oxidized and half are reduced. The relationship 

ōŜǘǿŜŜƴ Dƛōōǎ ŦǊŜŜ ŜƴŜǊƎȅ όɲDύ ŦƻǊ ŜƭŜŎǘǊƻƴ ǘǊŀƴǎŦŜǊ ōŜǘǿŜŜƴ ǘǿƻ ǊŜŘƻȄ ǇŀƛǊǎ ŀǘ ǇI т ƛǎ 

calculated from the difference in redox potentials for their oxidation/reduction (43). 

 

Ὁ Ὁ
Ȣ
ὰέὫ

Ȣ
log[Ὄ ] 

 

Where n represents the number of transferred electrons, R is the gas constant, F is 

the Faraday constant, and the symbol Eh refers to the midpoint redox potential of the half-

reaction. However, when protons are involved in the reaction, pH changes the redox 

potential of the half-reaction depending on the concentration. Considering the entire 

electron transport chain, the transfer of electrons from NADH (Eh = -320 mV) to quinone (Eh 

Ґ Ҍп Ƴ±ύ ǳƴŘŜǊ ǎǘŀƴŘŀǊŘ ǇI ǾŀƭǳŜǎ ǿƻǳƭŘ ōŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ Dƛōōǎ ŦǊŜŜ ŜƴŜǊƎȅ όɲD Ґ 

ҍнόлΦлфср ƪW ƳƻƭҍмƳ±ҍмύόп ҍ όҍонлύ Ƴ±ύ Ґ ҍснΦр ƪW ƳƻƭҍмύΣ ǿƘƛŎƘ ƛǎ ŜƴŜǊƎŜtically very 

favourable and occurs with the continuous supply of NADH from cellular metabolism through 

the citric acid cycle. It is important to note that under physiological conditions, the ratios of 

oxidized and reduced components vary depending on metabolic conditions and oxygen 

ŀǾŀƛƭŀōƛƭƛǘȅΣ ŀƴŘ ŦƻǊ ǘƘƛǎ ǊŜŀǎƻƴΣ ɲD ǾŀƭǳŜǎ Ƴǳǎǘ ōŜ ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ ŎƻƴŎŜƴǘǊŀǘƛƻƴ-dependent 

potentials (43). Based on the above, it can be concluded that reverse electron transport from 

CoQ to NADH can occur when the concentration of succinate is high and dioxygen is low. In 

addition to changes in the concentration of reductants, the difference in redox potential is 



 

13 

Doctoral dissertation !ƭŜƪǎŀƴŘǊŀ tƻǇƻǾƛŏ 

also modulated if the donor and acceptor pairs are on opposite sides of the membrane where 

there is a transmembrane potential. Specifically, the three complexes involved in electron 

transfer, which drive the movement of protons across the membrane, have a significant 

potential difference between the donor and acceptor (Figure 1.2.5). In contrast, the Eh for 

succinate to ubiquinone is close to zero, so no work can be performed along this pathway, 

and consequently, there is no proton transfer across Complex II (43). 

{ǇŜŎƛŦƛŎŀƭƭȅΣ ǘƘŜ ǎǘƻƛŎƘƛƻƳŜǘǊȅ ƻŦ ǇǊƻǘƻƴǎ ǘǊŀƴǎƭƻŎŀǘŜŘ ǇŜǊ ŜƭŜŎǘǊƻƴ ǇŀƛǊ όƴIҌκнŜҍύ 

passing through the mitochondrial respiratory chain has been the subject of numerous studies 

(47-пфύΦ CƻǊ ƛƴŘƛǾƛŘǳŀƭ ŎƻƳǇƭŜȄŜǎΣ ǘƘŜ ƴIҌκнŜҍ ǎǘƻƛŎƘƛƻƳŜǘǊȅ Ŏŀƴ ōŜ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ŀǊǘƛŦƛŎƛŀƭ 

electron acceptors and by employing potassium ions in the presence of the ionophore 

valinomycin, all with the aim of quantifying charge movement. Each of the three complexes on 

the pathway from NADH to dioxygen has a different mechanism for converting the energy from 

electron transfer into a hydrogen ion gradient across the inner mitochondrial membrane 

(Figure 1.2.5). Specifically, Complex I has four antiporter-like channels that open through a 

conformational change associated with the electron transfer redox state of CoQ (50-52). The 

ǇǊƻǘƻƴ ǎǘƻƛŎƘƛƻƳŜǘǊȅ ŦƻǊ /ƻƳǇƭŜȄ L ƛǎ пIҌκнŜҍΣ ǿƘƛŎƘ has been recently confirmed (53). 

/ƻƳǇƭŜȄ LLL ǊŜƭŜŀǎŜǎ пIҌ ŦǊƻƳ нvIнΣ ǿƘŜǊŜ нŜҍ ƛƳƳŜŘƛŀǘŜƭȅ ǘǊŀƴǎŦŜǊ ǘƻ ŎȅǘƻŎƘǊƻƳŜ ŎΣ ǿƘƛƭŜ 

the other two electrons are passed to hemes for the reduction of Q at the semiquinone 

stabilization site, with 2H+ ions being taken from the mitochondrial matrix (54). Finally, 

Complex IV has proton relay channels lined with amino acids (55), requiring two protons for 

ŜŀŎƘ ǿŀǘŜǊ ƳƻƭŜŎǳƭŜ ŦƻǊƳŜŘΣ ǿƘƛƭŜ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ ǇǳƳǇƛƴƎ нIҌκнŜҍΦ CƻǊ ǘƘŜ ŜƴǘƛǊŜ 9¢{Σ ǘƘŜ 

ǎǘƻƛŎƘƛƻƳŜǘǊȅ ƻŦ млIҌκнŜҍ ŦǊƻƳ b!5I ǘƻ ŘƛƻȄȅƎŜƴ ƻǊ сIҌκнŜҍ ŦǊƻƳ ǎǳŎŎƛƴŀǘŜ ǘƻ ŘƛƻȄȅƎŜƴ ƛǎ 

well established (56). 
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Figure 1.2.5. Stoichiometry of protons translocated per electron pair transferred along the 

mitochondrial respiratory chain. Taken and modified from the website: 

https://www.thoughtco.com/electron- transport-chain-and-energy-production-4136143 

 

1.2.1.3. Inhibitors of Mitochondrial Respiratory Chain Complexes 

 

Back in 1981, Ernster L and colleagues (57) conducted research on mitochondria from 

bovine heart. The isolation of mitochondrial respiratory chain complexes and the 

characterization of cofactors were areas of interest for numerous scientists (37, 58, 59). The 

application of inhibitors with selective action for each complex was crucial, and these chemicals 

are still used today in many experiments conducted on mitochondria. Specifically, it has been 

shown that the selective inhibitor for Complex I is rotenone or piericidin, for Complex II it is 

thenoyltrifluoroacetone (TTFA) or carboxins, for Complex III it is antimycin A or myxothiazol, 

while specific inhibition of Complex IV is achieved through the application of cyanide or carbon 

monoxide (60-63). 

https://www.thoughtco.com/electron-
https://www.thoughtco.com/electron-transport-chain-and-energy-production-4136143
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Finally, for the selective blockade of the last complex, Complex V, of the mitochondrial 

respiratory chain, oligomycin is used (Figure 1.2.6). After the application of specific inhibitors, it 

was found that the use of rotenone reduces ATP production and oxygen consumption by only 

30%, indicating that Complex I has the least reserve capacity. In contrast, inhibition of ATP 

production by antimycin A reaches as much as 80%, while the application of cyanide reduces the 

activity of Complex IV and oxygen consumption by 75% (43). 

 

Figure 1.2.6. Mitochondrial Electron Transport System with Complexes Involved in Electron 

Transfer and Their Specific Inhibitors. Q Refers to Ubiquinone; TTFA ς Tenoyltrifluoroacetone. 

Taken and Modified from the Website:https://vectormine.com/item/electron- transport-chain-

as-respiratory-embedded-transporters-outline-diagram/. 

 

1.2.2. Energy Metabolism of Tumour Cells 

 

More than 70 years ago, Otto Warburg suggested that mitochondrial dysfunction or 

resulting defects could be a potential cause of tumour development (21, 64). This observation 

prompted numerous researchers to focus their interests on investigating the pathogenesis and 

role of mitochondria in the onset of various tumours (65-67). Alterations in the genetic content 

https://vectormine.com/item/electron-transport-chain-as-respiratory-embedded-transporters-outline-diagram/
https://vectormine.com/item/electron-transport-chain-as-respiratory-embedded-transporters-outline-diagram/
https://vectormine.com/item/electron-transport-chain-as-respiratory-embedded-transporters-outline-diagram/
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of mitochondria, mitochondrial DNA (mtDNA) copy number, or oxidative damage to mtDNA have 

been observed to be associated with the progression of various cancers (68-70). The role of 

mitochondria in tumour development may also be a result of mutations in TCA cycle enzymes 

such as isocitrate dehydrogenase, succinate dehydrogenase, or fumarate dehydrogenase (71, 

72). Specifically, mutations in the genes encoding these enzymes lead to the abnormal 

accumulation of TCA cycle oncometabolites, which contribute to the initiation and progression 

of tumour processes (72, 73). Ultimately, mitochondrial abnormalities induce metabolic 

reprogramming in cells and stimulate glycolysis, which allows for the survival and further 

proliferation of cells, as well as the transformation processes leading to tumour formation (74, 

75). In fact, malignant cells use significantly less oxygen for their needs, and metabolic processes 

mainly occur under anaerobic conditions, ultimately leading to the production of lactic acid. By 

producing a highly acidic and toxic environment, they leave consequences on healthy cells, 

further promoting invasion and metastasis processes (76). 
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 1.3. Breast Cancer 

 

1.3.1. Epidemiology of Breast Cancer 

 

Breast cancer represents a heterogeneous group of diseases with a high incidence rate 

worldwide, with an estimated 2.3 million new cases and 0.68 million deaths in 2020, 

predominantly among women (1). There has been a clear increase in incidence and mortality 

rates from this malignancy over the past three decades. Between 1990 and 2016, the incidence 

more than doubled in 60 out of 102 countries, while deaths doubled in 43 out of 102 countries 

(77). In 2020, the mortality-to-incidence ratio for breast cancer, a representative indicator of 

survival rates, was 0.30 globally (78). Current projections indicate that by 2030, the number of 

new cases worldwide will reach as many as 2.7 million annually, while the number of deaths will 

be 0.87 million (78). Preventive screenings and organized screening programs are crucial for 

potentially minimizing the incidence rate of this malignancy and for early treatment (79). 

 

 1.3.2. Etiology of Breast Cancer 

 

The risk factors for breast cancer are numerous and include factors that cannot be 

influenced and factors that can be modified. Among the factors that cannot be influenced are 

gender, age, family history of the disease, genetic mutations, and ethnicity. 

 

Being female is one of the main factors associated with an increased risk of breast 

cancer, primarily due to heightened hormonal stimulation. Unlike men, who have negligible 

levels of estrogen, the breast tissue in women is made up of cells that are highly sensitive to 

hormones (estrogen and progesterone) and to disturbances in their concentration balance (80, 

81). Pregnancy, breastfeeding, the onset of menstruation, and menopause are key in terms of 

potentially inducing carcinogenic events in the breast tissue microenvironment (82, 83). On the 
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other hand, less than 1% of all breast cancers occur in men. 

 

Currently, about 80% of breast cancer patients are over 50 years old, while more than 

40% of cases are over 65 years old (84, 85). Interestingly, there is a noted association between 

certain molecular subtypes of breast cancer and patient ageτaggressive triple-negative 

subtypes are most commonly diagnosed in groups under 40 years old, while luminal A subtypes 

are most frequently seen in patients over 70 years old (85). 

 

Family history of the disease is a major factor significantly associated with an increased 

risk of breast cancer. The incidence rate is significantly higher among all patients with a family 

history of the disease, regardless of age. About 20% of cases diagnosed with breast cancer have 

first-degree relatives affected by this malignancy (86). This association is caused by epigenetic 

changes as well as environmental factors that also act as potential triggers (87). 

 

Several genetic mutations have been proven to be associated with an increased risk of 

breast cancer. The two main genes with very high penetrance are BRCA1 (located on 

chromosome 17) and BRCA2 (located on chromosome 13) (88). Mutations in these genes are 

inherited in an autosomal dominant manner, but cases of sporadic mutations, which are very 

common, are also recorded. In addition to the aforementioned, high-penetrance genes for 

breast cancer include TP53, CDH1, PTEN, and STK11 (89-92). 

 

Race and ethnicity are also considered potential causes; however, the mechanisms of 

their association with breast cancer occurrence have not yet been established. Generally, the 

incidence rate of this malignancy is highest among white women who are not of Latin American 

descent (93). Conversely, the mortality rate is significantly higher among black women (94). 

 

Among the modifiable factors are medication use, physical activity, body weight, and 

tobacco use. 
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Research data suggests that taking diethylstilbestrol during pregnancy may be 

associated with a higher risk of breast cancer in both the mother and her offspring (95). It has 

also been observed that the risk of this type of malignancy increases with higher doses of this 

medication (96). Patients using hormone replacement therapy, especially for more than 5 years, 

are at increased risk of developing breast cancer (97). It has also been noted that the use of 

certain antidepressants, such as paroxetine, tricyclic antidepressants, and selective serotonin 

reuptake inhibitors, may be associated with a higher risk (98). 

 

Regular physical activity is considered a protective factor in the incidence of breast 

cancer (99). Several hypotheses aim to explain the protective role of physical activity, primarily 

by reducing  

exposure to endogenous sex hormones, altering immune system responses, or changing the 

levels of insulin-like growth factor 1 (100). 

 

According to epidemiological data, obesity is associated with a higher incidence of the 

disease, especially in the postmenopausal period when patients tend to develop estrogen 

receptor-positive breast cancer (101). Additionally, a higher BMI is associated with more 

aggressive biological tumour characteristics, including a higher percentage of lymph node 

metastases, as well as a higher likelihood of disease relapse and mortality rates (102). 

 

Carcinogens found in tobacco are transported to breast tissue upon consumption, 

increasing the occurrence of mutations within oncogenes and tumour suppressor genes 

(especially p53). In addition to active smoking, passive exposure to tobacco smoke is also noted 

to significantly contribute to the induction of pro-carcinogenic events (103). 

 

 1.3.3. Diagnosis of Breast Cancer 

 

In most European Union countries (specifically in 25 out of 28 countries), organized 

regional or national screening programs for early detection of breast cancer using 

mammography are conducted (104). The European Commission Initiative on Breast Cancer 
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(ECIBC) has issued recommendations for mammography screening, which include the following 

guidelines: 

ü Regular (annual or every 2 years) mammography is recommended for women aged 50ς69 

years. 

ü Regular annual mammography may also be conducted for women aged 40ς49 and 70ς74 years. 

ü For women with a strong family history of breast cancer, with or without confirmed BRCA 

mutations, annual magnetic resonance imaging (MRI) and mammography (either 

accompanying or alternating) is recommended (105). 

 

According to current ESMO (European Society for Medical Oncology) guidelines, the diagnosis 

of breast cancer today is based on clinical examination supplemented by diagnostic imaging, 

and the presence of any lesions is confirmed by histopathological analysis (Table 1.3.1) (106). 

Tabela 1.3.1. Tabelarni prikaz ŘƛƧŀƎƴƻǎǘƛőƪƻƎ algoritma koji se primenjuje kod karcnoma dojke 

 

Assessment of general health status 

History  
Menopausal status 
Medical examination 
Complete blood count 
Liver, kidney, and heart examination (for patients scheduled for treatment with anthracycline 
and/or trastuzumab) 
Functional tests, alkaline phosphatase, and calcium 

Evaluation of the primary tumor 

Medical examination 
Mammography 
Breast ultrasound (US) 
Breast MRI in selected cases 
Biopsy of the lesion with pathohistological confirmation and determination of ER, PgR, HER2, and 
Ki67 status 

Assessment of regional lymph nodes 

Medical examination 
Ultrasound (US) 
Biopsy under ultrasound guidance if the lymph nodes have an altered appearance 
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Assessment of the presence of metastatic disease 

Medical examination 
Other tests are not routinely recommended unless there is a high tumor burden, aggressive 
biology, or when there are symptoms indicating metastasis 
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The clinical examination includes bimanual palpation of the breasts and regional lymph 

nodes in the axilla. Imaging methods include bilateral mammography and ultrasound of the 

breasts and regional lymph nodes. The use of breast MRI is not routinely recommended, but the 

application of this diagnostic method should be considered in cases such as familial breast cancer 

associated with BRCA mutations, lobular carcinomas, patients with dense breasts, and in cases 

of suspected multifocality/multicentricity of the lesion, as well as in cases of significant 

discrepancies between conventional imaging and clinical examination (105, 107). 

 

In addition to the aforementioned diagnostic methods, it is important to emphasize that 

all radiologically suspicious lesions should be biopsied, and the definitive histopathological 

diagnosis is made according to the classification of the World Health Organization (WHO) (108). 

 

1.3.4. Classification of Breast Cancer 

 

Invasive breast cancer includes tumours that exhibit variations in their clinical 

presentation, behaviour, and morphology. The WHO distinguishes at least 21 different 

histological types of breast cancer (109).  

 

Invasive breast cancer of no special type (NST), formerly classified as ductal carcinoma, 

is the most common subgroup, accounting for 40-80% of cases (110) (Figure 1.3.1A). The 

remaining percentage of invasive breast cancers have characteristic growth patterns and 

cytological features, and are therefore classified as specific subtypes, including invasive lobular 

carcinoma, tubular carcinoma, mucinous carcinoma, neuroendocrine carcinoma, and others 

(Figure 1.3.1) (108, 111)
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Figure 1.3.1. Representative Microphotographs of Different Histological Types of Invasive 

Breast Carcinoma: A) Invasive Carcinoma (NST), B) Lobular Carcinoma, C) Tubular Carcinoma, 

D) Mucinous Carcinoma, E) Invasive Micropapillary Carcinoma, F) Pleomorphic Lobular 

Carcinoma, G) Medullary Carcinoma, H) Metaplastic Carcinoma, I) Adenoid Cystic Carcinoma. 

Taken and Modified from: Vuong D, Simpson PT, Green B, Cummings MC, Lakhani SR. 

Molecular Classification of Breast Cancer. Virchows Archiv. 2014;465(1):1-4. 

According to molecular classification, regardless of histological types, breast cancer is 

divided into subtypes based on the level of mRNA gene expression. Four main subtypes have 

been identified based on the presence or absence of immunohistochemical markers, which 

include estrogen receptors (ER), progesterone receptors (PR), HER2 receptors, and the 

proliferative index of tumour cells (percentage of Ki67 positivity). These molecular subtypes 

include the classification of breast cancer into luminal A, luminal B, HER2-positive, and triple-

negative breast cancer (TNBC) (112). The immunohistochemical characteristics of breast 

cancer are shown in Table 1.3.2 (113). 
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Table 1.3.2.Molecular subtypes of invasive breast cancer. Taken and modified from the work: 

Saha T, Lukong KE. Breast cancer stem-like cells in drug resistance: A review of mechanisms and 

novel therapeutic strategies to overcome drug resistance. Front Oncol. 2022; 12:856974. 
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1.3.5. Breast Cancer Therapy 

 

The application of therapeutic guidelines depends precisely on the molecular diagnosis 

of one of the mentioned subtypes (114). Available therapeutic approaches are based on the 

surgical removal of diagnosed breast cancer, the application of radiotherapy, chemotherapy, 

endocrine, and anti-HER2 therapy, as well as their combinations (115). 

 

Current national recommendations for surgical dissection in the treatment of breast 

cancer include avoiding axillary lymph node dissection in patients with micrometastases or 

macrometastases in one or two sentinel nodes (116-118), re-excision for close but negative 

surgical margins after partial mastectomy (119), contralateral prophylactic mastectomy in 

patients with unilateral high-risk breast cancer, and sentinel lymph node biopsy in patients over 

70 years of age with early-stage hormone receptor-positive breast cancer (120). Recent data 

support performing sentinel lymph node biopsy with or without targeted axillary dissection after 

neoadjuvant therapy, as well as completely omitting surgery in patients with a complete clinical 

response to chemotherapy (121). 

 

Radiotherapy (RT) is part of the standard therapeutic protocol after the diagnosis of 

early-stage breast cancer and is recommended in as many as 83% of all patients (122). RT is 

performed after surgery and tumor tissue removal or after mastectomy to eliminate residual 

tumor cells. It has been proven that the application of RT significantly reduces the disease relapse 

rate compared to surgery alone. Moreover, it is noted that combining RT with adjuvant 

chemotherapy increases disease-free survival rates in patients with high-risk breast cancer (123-

125). However, malignancy recurrence is a major clinical challenge that occurs in about 4.3-7.3% 

of breast cancer patients who receive RT after breast-conserving surgery (126). Many factors, 

such as the total dose applied, fractionation, tumor doubling time, hypoxic conditions within the 

tumor tissue, and intrinsic radiosensitivity, can contribute to the tumor's response to radiation 

(127). Additionally, the heterogeneity of breast cancer itself is a potential explanation for the 
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different sensitivities and unequal responses of tumor cells to RT (128). 

 

Chemotherapy is indeed one of the main strategies in the treatment of breast cancer. 

The target effect of its application is the killing of tumor cells using chemical or natural 

compounds. However, due to the systemic effects on the body after this type of treatment, a 

wide range of side effects is observed (129). Besides destroying tumor cells, this type of therapy 

also causes the destruction of healthy cells that have a high division potential, such as cells in 

hair follicles, nails, the mouth, the digestive tract, and bone marrow cells involved in blood cell 

production. Side effects and toxicity associated with chemotherapy can lead to reduced 

resistance to infections, weakness, hair loss, nausea, and vomiting (130, 131). For these reasons, 

current research is focused on developing different dietary habits with the same therapeutic 

properties exhibited by standard chemotherapeutics, all to prevent and limit the malignant 

transformation of tumor cells, thereby improving the quality of life of affected patients (132, 

133, 134). 

 

Hormone receptor-positive (HR+) breast cancer is categorized as the subtype with the 

most favorable prognosis compared to other subtypes; however, there is a risk of prolonged 

recurrence (135). In postmenopausal patients, the application of endocrine therapy with the two 

most important categories of drugs, such as tamoxifen and aromatase inhibitors, is the therapy 

of choice (136). Breast cancer that shows HER2 positivity accounts for about 15% of all cases 

(137), and the treatment of these patients requires the use of anti-HER2 monoclonal antibodies, 

trastuzumab, sometimes in combination with pertuzumab, as adjuvant or neoadjuvant therapy. 

However, more recently, lapatinib (a dual EGFR/HER2 reversible tyrosine kinase inhibitor) has 

been introduced as a potential option for adjuvant therapy. The combination of chemotherapy 

and trastuzumab, as well as dual-targeted therapy with trastuzumab and lapatinib, in patients 

with locally advanced HER2-positive breast cancer, shows improved, even complete, 

pathological response (138). The TNBC (Triple-Negative Breast Cancer) subtype is found in 15-

20% of cases and is associated with a poorer prognosis because targeted treatment is not 

available, and chemotherapy remains the only treatment option (139). In clinical trials, poly-ADP-
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ribose polymerase (PARP) inhibitors are in the testing phase, which will represent the most 

recognized targeted treatments for BRCA1 and BRCA2 genes in combination with chemotherapy 

(115, 140). 

 

It is important to emphasize that the application of available therapeutic protocols is 

very often accompanied by the occurrence of undesirable side effects (141). For this reason, 

researching new therapeutic possibilities in the future is crucial. 
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1.4. Glioblastoma 

 

1.4.1. Epidemiology of Glioblastoma 

 

The majority of central nervous system (CNS) tumors, around 70% of cases, are benign, 

with meningiomas accounting for half of these. However, in the remaining 30% of cases, CNS 

tumors are malignant, with glioblastoma (GBM) standing out as the most common and most 

destructive tumor among all brain tumors, making up more than 80% of all malignant brain 

tumors (142, 143). 

 

It is reported that 90% of multiform GBM cases develop de novo (primary glioblastoma) 

from healthy glial cells through a multistep process of tumorigenesis, while the remaining 10% 

of gliomas develop through progression from lower-grade tumors, such as diffuse or anaplastic 

astrocytoma, and represent secondary neoplasms (144). Secondary glioma is generally 

diagnosed in middle-aged individuals, around 39 years old, progresses more slowly, and has a 

better prognosis. On the other hand, GBM that develops de novo grows at a rapid rate of 

progression (145). Although the genetic basis and molecular pathways underlying the 

development of primary and secondary gliomas are different (146), differences in morphological 

characteristics have not been observed (147). Although the WHO classifies glioblastoma as grade 

IV astrocytoma, it is assumed that GBM represents a combination of neural stem cells (NSCs) in 

the subventricular zone and oligodendrocyte progenitor cells (OPCs) (148, 149). Potential 

phenotypic ambiguities may arise when oncogene expression causes the tumor to appear 

predominantly astrocytic or oligodendroglial (150). 

 

GBM is the most common malignant subtype of glioma, diagnosed in adults with an 

annual incidence of about 1 in 33,000 people (151). The median survival rate for patients with 

this malignancy is, on average, 12-15 months, and the five-year survival rate is reported to be 

only 5% of cases (152). 
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1.4.2. Etiology of Glioblastoma 

 

The etiology of this malignancy is still not fully understood. It is believed to be a tumor 

with spontaneous onset, as only 1% of cases have a familial form of this tumor (153). Literature 

suggests a possible association with certain genetic disorders such as tuberous sclerosis (154), 

Turcot syndrome (155), multiple endocrine neoplasia type IIA (156), and neurofibromatosis type 

I (157). Additionally, brain contusion resulting from head injuries can predispose individuals to 

the development of GBM (158). At the molecular level, the occurrence of GBM has been 

potentially linked to the deregulation of the G1/S phase of the cell cycle (159) as well as the 

presence of numerous genetic abnormalities (loss of genetic material on chromosome 10q, 

amplification of genes EGFR, FGFR2, IRS2, and AKT3, and mutations in PTEN, TP16, TP53, PARK2, 

PTPRD, and NF1 genes) (160). An increased risk of developing GBM has been observed in  

postmenopausal women, leading to a hypothesis regarding the involvement of sex hormones in 

its etiology (161). Furthermore, it has been noted that the incidence of this tumor is associated 

with height and BMI ς higher values of these characteristics increase the risk of development 

(162). The human cytomegalovirus is considered another potential etiological agent for the 

development of this malignancy. In immunocompromised individuals, it causes changes in 

multiple organs and is also believed to cause congenital encephalitis. Of particular interest is the 

fact that this virus exhibits tropism for glial cells and encodes proteins such as IE1, US28, and GB, 

which further activate intracellular signaling pathways involved in mitogenesis, mutagenesis, 

apoptosis, inflammation, and angiogenesis. Consequently, there is dysregulation of key signaling 

pathways such as PDGFR, Akt, and STAT3, as well as disruptions in the function of monocytes 

and glial cells (163). A high level of granulocyte stimulation factor expression has been identified 

in GBM of various degrees of malignancy and is thought to be involved in tumor development 

(164). Ionizing radiation is one of the physical factors that increase the likelihood of developing 

GBM. It has been observed that individuals working in the rubber and petrochemical industries 

are at greater risk of GBM incidence. Additionally, certain chemicals, such as pesticides, 

polycyclic aromatic hydrocarbons, and solvents, are considered potentially hazardous (165). 



 

30 

Doctoral dissertation !ƭŜƪǎŀƴŘǊŀ tƻǇƻǾƛŏ 

 

1.4.3. Clinical Signs of the Disease 

 

Depending on the location and increased intracranial pressure as a consequence of the 

clinical stage of the disease, the most common signs of GBM are headache, ataxia, dizziness, 

visual disturbances (blurred vision, diplopia), and frequent syncope (166, 167). Due to these 

nonspecific symptoms, GBM is often misdiagnosed as infections, inflammatory processes, or 

circulatory disorders of the CNS (168). In addition to these symptoms, back pain, leg pain, and 

sciatica may indicate lumbar herniation (169). In patients who have not previously been 

diagnosed with epilepsy, it may also be one of the indications for neuroimaging due to suspicion 

of GBM (170). 

 

1.4.4. Diagnostic Methods 

 

Magnetic resonance imaging (MRI) is the primary diagnostic method for diagnosing 

GBM. It is reported that the tumor's diameter at the time of diagnosis is approximately 4 cm 

(171). A specificity that can be observed on MRI is a tumor that affects the corpus callosum and 

grows bilaterally into the occipital and temporal lobes, known as "butterfly glioblastoma" (Figure 

1.4.1)(172). 

  



 

31 

Doctoral dissertation !ƭŜƪǎŀƴŘǊŀ tƻǇƻǾƛŏ 

 
 

Figure 1.4.1. Depiction of άbutterfly glioblastomaέ on magnetic resonance imaging in: A) frontal 

and B) horizontal planes. Taken and modified from the study: Juveria S, Anant SK. Butterfly 

glioma. N Engl J Med. 2018; 378(3):281. 

 
The definitive diagnosis is based on the histopathological examination of the tumor or 

its segments removed during surgery, as well as the application of traditional histological, 

cytological, and histochemical methods (173). In patients for whom neurosurgical tumor 

resection is not feasible, a fine-needle biopsy is performed (174). 

 

The morphological diagnosis is based on criteria defined by the WHO. CNS tumor 

grading includes the assessment of their morphological characteristics, malignancy grade (I-IV), 

proliferative index, response to the applied therapy, and survival time. Grade I includes benign 

CNS tumors, Grade II is used for relatively non-malignant tumors, Grade III includes tumors of 

low malignancy, while Grade IV represents the most malignant tumors with a median survival 

rate of 6-12 months. GBM is classified as Grade IV (175). 

 

Verification of the primary diagnosis is performed by immunohistochemical staining of 

the sampled tumor tissue for the presence of glial fibrillary acidic protein (GFAP) (176). This 

protein is the most specific marker for astrocytes in both healthy and pathologically altered 

tissue, as it plays a role in astrocyte maturation. Loss of GFAP expression is associated with an 

increase in the malignancy grade of astrocyte-origin tumors. In GBM, cells show negativity for 

GFAP and proliferate more rapidly compared to positively stained cells (177). In addition to this 
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specific protein, the acidic protein S100 can also be present in glial cells and is a specific marker 

for CNS tumors. However, it has been established that the degree of expression of this protein 

cannot be a primary criterion in differential diagnosis (178). 
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 1.4.5. Morphological Characteristics of Glioblastoma 

 
Morphologically, GBM is characterized by small cells with features of polymorphism, 

anaplasia, and anisokaryosis. The multiform cells of GBM are polygonal or spindle-shaped with 

acidophilic cytoplasm and indistinct cellular boundaries (Figure 1.4.2). Nuclear pleomorphism is 

present. Namely, the nuclei are oval or elongated with clumped hyperchromatic chromatin, 

centrally or pericentrally located within the cells. In some cells, the presence of intranuclear 

inclusions is observed. Additionally, binucleated and multinucleated cells such as lymphocytes, 

neutrophils, macrophages, and necrotic cells may also be present (174). 

 

 
 

Figure 1.4.2. Histological Presentation of the Architectural Structure of Glioblastoma with Areas 

of High Cellular Density Containing Small Cells with Sparse Cytoplasm and Smaller Cell Areas 

with Elongated Nuclei. Taken and Modified from the Website: 

https://www.pathologyoutlines.com/topic/cnstumorglioblastomaidhmutant.html 

 

Cells resembling adipocytes, characterized by the presence of lipomatous vacuoles, can 

constitute about 5-10% of all tumor cells, but in certain cases, this percentage can exceed 80%. 

This type of GBM, despite differences in morphology, shows molecular characteristics similar to 

primary glioma and is therefore described as "lipid-rich" glioma (179). 

https://www.pathologyoutlines.com/topic/cnstumorglioblastomaidhmutant.html
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GBM belongs to the group of tumors with rich vascularization (180). The newly 

developed blood vessels have similar morphological features to the blood vessels of renal 

glomeruli, but their endothelial cells phenotypically differ from healthy endothelial cells. There 

is focal overlapping, hyperplasia, and heterogeneity in terms of size and shape. A characteristic 

feature is the presence of multiple Weibel-Palade bodies, which are normally absent in the 

endothelial cells of the brain, observed in the cells of newly formed blood vessels in GBM. 

Another notable feature is that the surface of the blood vessels is covered by a discontinuous 

layer of pericytes without contact with astrocytes (181). Within the blood vessels, the presence 

of vascular thrombi is observed, leading to damage and proliferation of endothelial cells (Figure 

1.4.3) (182). As a result of vascular damage, there is extravasation of red blood cells (183). 

 

 
 
Figure 1.4.3. Microscopic View of Intravascular Thrombosis in Glioblastoma. A) The Central Blood 

Vessel is Occluded by an Intravascular Thrombus (indicated by black arrows), B) Palisading 

Grouping of Tumor Cells Around the Thrombosed Blood Vessel (indicated by black arrows) with 

the Presence of Perivascular Necrosis. Taken and Modified from: Louis DN, editor. WHO 

Classification of Tumors of the Central Nervous System. WHO; 2007. 

 
Necrotic areas are one of the significant characteristics of GBM. Histologically, two types 

of necrosis are typically encountered depending on the location and size of the necrotic area. 

The first type of necrosis is characterized by large areas of necrotic regions within the central 

part of the tumor, which occur due to inadequate blood supply in all primary GBMs. The second 

type of necrosis contains small, irregularly shaped necrotic foci surrounded by pseudopalisading 
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regions formed by radially oriented glial cells, which are present in both primary and secondary 

GBMs (Figure 1.4.4) (184). The population of pseudopalisading cells is believed to represent 

rapidly proliferating neoplastic cells with increased blood supply needs that are subjected to 

central necrosis. These cells are resistant to apoptosis and have formed due to increased cell 

survival, a mixed population of tumor and inflammatory cells near the necrosis, or a population 

of cells capable of migrating toward or away from the central focus (185). Pseudopalisading areas 

are also characterized by the presence of multiple apoptotic cells (186). An increase in the degree 

of atypia, nuclear hyperchromasia, increased mitotic index, the presence of large necrotic areas, 

and atypical characteristics of blood vessels indicate a poor therapeutic response and rapid 

disease progression (187). 
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Figure 1.4.4. Histological Characteristics of Glioblastoma. An Area of Ischemic Necrosis (NE) is 

Surrounded by Palisading Tumor Cells with the Presence of Vascular Proliferation (VP). Taken 

and Modified from: Louis DN, editor. WHO Classification of Tumors of the Central Nervous 

System. WHO; 2007. 

  

1.4.6. Disease Therapy 

 

GBM is characterized by high proliferative activity (188). Surgical resection, as much as 

possible, along with the application of chemotherapy and radiotherapy, forms the main basis of 

therapeutic protocols for treating this malignancy (189). 

 

However, due to the infiltration of surrounding tissue by malignant cells, the presence 

of complex vascularization, and the tumor mass's location, complete resection of GBM is almost 

impossible. During surgery, maximum radical resection is performed to reduce tumor mass and 

increase the effectiveness of adjuvant therapy, which ultimately leads to increased survival rates 

in some cases (190). The understanding that GBM exhibits significant intra- and inter-tumoral 

heterogeneity explains the therapeutic resistance and recurrence of this disease in up to 90% of 

cases after surgery (191, 192). 

 

Radiotherapy has not yet proven effective, primarily because malignant cells located in 
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hypoxic areas are resistant to this type of therapy (193). The blood-brain barrier also complicates 

treatment, as many medications cannot reach CNS structures (194). The goal of therapeutic 

strategies in fighting GBM is to achieve tumor regression and ensure the longest possible survival 

for patients (195). 

 

Comparing the results of chemotherapy in GBM treatment has shown that the use of 

temozolomide led to the highest median survival for patients (196). Additionally, the combined 

use of temozolomide with radiotherapy showed better results compared to radiotherapy alone 

(197). The current standard therapy for treating GBM is the Stupp regimen, which includes 

radiotherapy (2 Gy daily, 5 days a week, up to a total of 60 Gy) combined with concurrent 

temozolomide (TMZ) (198, 199). Due to the blockade of NHERF-1 synthesis in glioma cells after 

radiotherapy, the sensitivity of these cells to the cytotoxic effects of temozolomide increases, as 

does the induction of apoptosis in GBM cells (196). 

 

The understanding that GBM is a highly vascularized carcinoma has led to the 

development and research of anti-angiogenic gene therapy with the ultimate goal of blocking 

the VEGF-dependent pathway (200). Another medication, bevacizumab (a humanized IgG1 

monoclonal antibody), has proven effective in improving outcomes in recurrent forms of GBM 

(201). Bevacizumab acts through several mechanisms. It selectively binds with high affinity to 

human VEGF, thereby neutralizing its biological activity, causing direct inhibition of tumor-

associated angiogenesis, and disrupting the microvascular environment of glioma stem cells 

(202). 

 

However, despite significant efforts and invested resources in developing new 

therapeutic options, GBM remains an elusive target for many medications (203). For this reason, 

it remains an unexplored field, with daily efforts being made to expand therapeutic options, 

prolong survival rates, and simultaneously ensure a better quality of life for patients after 

diagnosis (189). These efforts aim to discover new medications that could potentially become 

powerful tools in treating this highly aggressive malignant disease (204, 205). 
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1.5. Carnosine 

 

/ŀǊƴƻǎƛƴŜ όʲ-alanyl-L-histidine) is a natural dipeptide found in many tissues such as 

muscle, lung, eye tissue, as well as in the brain, kidneys, and liver. The maximum concentration 

recorded in muscle tissue is approximately 2.5 mM (206). The synthesis of this dipeptide occurs 

ŦǊƻƳ ǘƘŜ ǇǊŜŎǳǊǎƻǊǎ ʲ-alanine and histidine, with the participation of the enzyme carnosine 

synthase, while on the other hand, the enzyme known as carnosinase is responsible for its 

catabolism (207). 

 

1.5.1. Carnosine and Its Natural Derivatives 

 

The most common variants of carnosine derivatives are the methylated analogs 

anserine and ophidine, in which the imidazole ring of L-histidine is methylated at the nitrogen 

atom closest to the side chain and furthest from the side chain. Homocarnosine is an analog of 

ŎŀǊƴƻǎƛƴŜ ƛƴ ǿƘƛŎƘ ʲ-alanine is replaced by GABA. Other related compounds include the 

acetylated form (acetylcaǊƴƻǎƛƴŜύΣ ƛƴ ǿƘƛŎƘ ʲ-alanine is acetylated, and carnosine, in which the 

L-histidine residue of carnosine is replaced by histamine (Figure 1.5.1) (206). The abbreviation 

HCD is often encountered in the literature, denoting dipeptides containing histidine (carnosine, 

anserine, and ophidine). 

 

Carnosine was first discovered in 1900 by Russian chemist V.S. Gulevich during research 

on unidentified compounds that do not contain nitrogen in Liebig's meat extract (208). After the 

discovery of carnosine, it was observed that most bird muscles do not contain carnosine (209). 

Instead, a new compound, anserine, was identified in goose (210) and chicken (211) muscles. 

Another analog of methylated carnosine was found in the muscles of snakes and whales and was 

named ophidine. The distribution of HCD in different animal species has been the subject of 

study for nearly 100 years. Almost all studies were conducted on skeletal muscle tissue of various 

animal species. 
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It is stated that almost all mammals have carnosine along with one of the methylated 

carnosine analogs, anserine or ophidine, in their bodies. The only mammalian species known not 

to have either of the two methylated carnosine analogs is actually Homo sapiens. Another 

exception mentioned is that some animals, such as pigs and buffaloes, have all three HCDs, but 

the methylated forms are present in a much smaller percentage compared to carnosine (212). 

 
 

 
 

Figure 1.5.1. Chemical Structure of Carnosine and Its Natural Derivatives. Taken and Modified 

from: Boldyrev AA, Aldini G, Derave W. Physiology and Pathophysiology of Carnosine. Physiol 

Rev. 2013; 93(4):1803-45. 
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1.5.2. Distribution of Carnosine and Its Natural Derivatives in Tissues 

 

According to the literature, in mammals, only two tissues are reported to have 

carnosine concentrations in the millimolar range: skeletal muscle and the olfactory bulb (Figure 

1.5.2) (212). Since skeletal muscle constitutes a significant percentage of body mass, it can be 

said that over 99% of the carnosine present in the body is found in skeletal muscle tissue (213). 

The presence of carnosine in other tissues of the mammalian body is inconsistently reported in 

the literature. A study conducted back in 1960 (214) reported the absence of HCD compounds in 

rabbit liver tissue, while on the other hand, a 2005 study (215) indicated a very high 

concentration of carnosine in bovine liver tissue. Relatively high concentrations of HCD have also 

been detected in the skin of reptiles and frogs (216). Conversely, only trace amounts of carnosine 

have been observed in bovine lenses (217). Some of the discrepancies in the literature 

undoubtedly stem from the fact that carnosine concentrations in various tissues are at the 

detection limit, significant differences exist among animal species, and there is a large variation 

in the accuracy of HCD quantification between different analytical methodologies. 

 

Profiling of HCD in rat tissues using high-precision liquid chromatography with 

electrospray ionization revealed that carnosine can be detected in the millimolar range in 

skeletal muscles (2-6 mmol/kg wet tissue), in the micromolar range in brain tissue, cerebellum, 

and myocardium (25-70 mmol/kg wet tissue), but detection was not performed in the kidneys, 

liver, lungs, and plasma. Similar profiling of carnosine content in human tissue is currently lacking 

in the literature. The only frequently measured concentration of carnosine in human tissue is in 

skeletal muscles, due to the high concentration present and the relative ease of sampling muscle 

tissue invasively (biopsy) or non-invasively (magnetic resonance spectroscopy) (218, 219). 
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Figure 1.5.2. Carnosine Concentrations in Endogenous Tissue and Body Fluids in Mice. Taken and 

Modified from: Kamal MA, Jiang H, Hu Y, Keep RF, Smith DE. Influence of Genetic Knockout of 

Pept2 on the In Vivo Disposition of Endogenous and Exogenous Carnosine in Wild-Type and 

Pept2 Null Mice. Am J Physiol Regul Integr Comp Physiol. 2009;296(4) 

 
 

1.5.3. Roles of Carnosine 

Carnosine is known to perform numerous functions, including antioxidant activity, 

chelation of Cu2+ and Zn2+ ions, buffering of H+ ions, facilitating the release of Ca2+ ions from 

the sarcoplasmic reticulum during muscle contraction, and exhibiting antiproliferative potential 

(220, 221). In addition to these roles, numerous studies have reported positive effects of 

carnosine supplementation therapy in various diseases such as Alzheimer's disease, 

Parkinsonism, schizophrenia, autism in children, diabetes, and eye diseases (cataracts) (222, 223, 

224, 225). 

 

1.5.3.1. Antioxidant Activity of Carnosine 

The antioxidant activity of carnosine was studied by Bolirev and colleagues in the 1980s 

(226, 227). Later, numerous studies highlighted both direct and indirect antioxidant activities of 

this compound (228, 229). Specifically, carnosine's antioxidant activity is mediated by various 
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mechanisms, including metal ion chelation and the scavenging of reactive oxygen species (ROS) 

and peroxyl radicals. 

 

Most studies on carnosine as a chelator of Cu2+ and Zn2+ ions have been conducted 

under in vitro conditions, which differ from those in physiological conditions within the body 

(229-231). For this reason, a significant number of new studies are needed to better understand 

the role of carnosine as a physiological chelator of metal ions and to clarify the mechanisms 

involved. 

 

The mechanism of carnosine's interaction with superoxide radicals was studied by 

Pavlov and colleagues (232) in aqueous solutions, and they found that carnosine's ability to form 

a charge-transfer complex with the superoxide radical (O2-) alters its reactivity. Additionally, 

results obtained using the pulse radiolysis method indicated that carnosine has the ability to 

react with hydroxyl radicals (.OH), forming a stable intermediate that is less reactive towards 

other molecules (Figure 1.5.3) (233). 

 

The antioxidant activity of carnosine was also studied by Decker and colleagues in 2000 

(228) using purified L-carnosine. Their research indicated that carnosine and L-histidine play a 

role in scavenging peroxyl radicals at millimolar concentrations, ǿƘŜǊŜŀǎ ʲ-alanine was found to 

be ineffective. 

 

 
Figure 1.5.3. Chemical Reaction of Carnosine and Hydroxyl Radical. Taken and Modified from: 

Tamba M, Torreggiani A. A Pulse Radiolysis Study of Carnosine in Aqueous Solution. Int J Radiat 

Biol. 1998;74:333ς40. 
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The in vivo antioxidant activity of carnosine has been studied in animal models under 

physiological conditions as well as conditions of induced oxidative stress through the application 

of xenobiotics, which act as radical inducers, such as ethanol, thioacetamide, and anticancer 

agents (228). 

Under physiological conditions, carnosine has been found to reduce oxidative damage 

and improve both enzymatic and non-enzymatic antioxidant activity. Specifically, a one-month 

treatment with a daily dose of 250 mg/kg of carnosine was shown to be effective in older rats, 

reducing some markers of lipid oxidation and increasing levels of blood glutathione (GSH) and 

the basal activity of antioxidant enzymes such as superoxide dismutase (SOD) and glutathione 

peroxidase (GP) (234). Consistent with these findings are the results of a study conducted by Kim 

and colleagues (235), who administered carnosine at a dose of 0.5% in the diet of rats over a 

period of 6 weeks and observed an increase in the activity of antioxidant enzymes such as SOD 

and GP. 

 

Studies conducted on animal models under conditions of induced oxidative stress 

through the application of xenobiotics confirm the antioxidant activity of carnosine. It has been 

found that carnosine, as well as L-histidine, depending on the dose applied, inhibits oxidative 

damage caused by ethanol by increasing the expression of catalase, GSH levels, and GP activity 

(236). Another group of researchers also noted the antioxidant activity of carnosine in the liver, 

as well as a reduction in the activity of plasma transaminases in rats treated with ethanol 

following carnosine administration (237). 

 

1.5.3.2. Physiological Roles of Carnosine in Skeletal Muscle 

 

Literature confirms the role of carnosine in the contractile function of skeletal muscles. 

Specifically, after a series of rhythmic contractions of frog skeletal muscles in preparations where 

10 mM carnosine was applied in the medium, muscle fatigue was absent compared to the 

untreated group. This anti-fatigue effect of carnosine is known as the "Severin phenomenon" 
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(238). 

 

The role of carnosine as a pH buffer in skeletal muscles was first established in 1938 

(239). During high-intensity muscle contractions, anaerobic glycolysis leads to increased 

production of lactic acid, which immediately dissociates into H+ ions and lactate ions at 

physiological pH values. The resulting acidosis can reduce pH levels to below 6.5 and is often 

associated with the subsequent onset of muscle contractile fatigue. Carnosine supplementation 

in humans has been shown to reduce the degree of acidosis in the blood due to high-intensity 

training (240). Based on this, it has been concluded that carnosine's role in reducing the 

development of acidosis lies in its ability to chelate H+ ions (241). Additionally, carnosine's role 

in the proper functioning and contraction of skeletal muscles includes protection against ROS 

production and chelation of Cu2+ ions (242, 243). 

 

It is well known that the process of excitation-contraction in skeletal muscle cells is a 

complexly regulated chain of events involving the release of calcium from the sarcoplasmic 

reticulum. Numerous studies have highlighted the stimulatory effect of carnosine on the release 

of Ca2+ ions (244, 245). Furthermore, it has been observed that carnosine also affects the 

excitation-contraction coupling by increasing the sensitivity of the contractile apparatus to 

released calcium (246, 247). 

 

1.5.3.3. Positive Effects of Carnosine Supplementation in Various Diseases 

 

The potential protective effects of carnosine in Alzheimer's disease were first 

documented in the late 1990s when in vitro studies demonstrated this dipeptide's ability to 

ƛƴƘƛōƛǘ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ʲ-amyloid polymerization and its subsequent toxicity to cells (248). 

Additionally, Preston and colleagues (249) demonstrated that carnosine provides protection 

ŀƎŀƛƴǎǘ ǘƘŜ ƴŜǳǊƻǘƻȄƛŎ ŜŦŦŜŎǘǎ ƻŦ ʲ-amyloid peptide on the vascular endothelial cells of the rat 

brain. Besides in vitro studies, numerous in vivo studies have shown that carnosine has a strong 

ŜŦŦŜŎǘ ƻƴ ƳƛǘƻŎƘƻƴŘǊƛŀƭ ǊŜǎǘƻǊŀǘƛƻƴ ŀƴŘ ŦǳƴŎǘƛƻƴΣ ŀǎ ǿŜƭƭ ŀǎ ǎǳǇǇǊŜǎǎƛƴƎ ʲ-amyloid aggregation, 
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and it has shown a trend towards improving cognitive deficits (250). Proposed hypotheses 

regarding these effects of carnosine suggest possible influences on the regulation of glutamate 

release and NMDA receptor trafficking (251). Additionally, a potential interaction between 

ŎŀǊƴƻǎƛƴŜ ŀƴŘ ǘƘŜ ŎƘŀǊƎŜŘ ƎǊƻǳǇǎ ǎǳǊǊƻǳƴŘƛƴƎ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎ ŎƭǳǎǘŜǊ ƻŦ ʲ-amyloid, which 

inhibits its concentration increase, is cited as a potential mechanism of action (252). The 

chelation activity of carnosine for metal ions (Zn2+ and Cu2+), which enhances its 

neuroprotective role, has been demonstrated in both in vitro and in vivo models (250, 253). 

 

Positive effects of carnosine supplementation have also been observed in Parkinson's 

disease. Specifically, it has been shown that treatment with carnosine (1.5 g/day) in combination 

with L-DOPA significantly improves various neurological symptoms such as reduced rigidity of 

the hands and legs in patients with this disease. At the biochemical level, the mechanism of 

action could be explained by the reduction of protein carbonyls in blood plasma and the increase 

in SOD activity (254). 

 

Carnosine has also been found to improve cognitive tests, such as the strategic target 

detection test, in adults with chronic schizophrenia after the administration of 2 g per day of 

carnosine over 3 months in a randomized, double-blind, placebo-controlled study (255). 

Numerous studies are still being conducted to introduce carnosine into the therapeutic regimen 

for this disease (256-258). 

 

In a controlled study (800 mg per day for 8 weeks) involving children with autism 

spectrum disorders, carnosine supplementation resulted in statistically significant improvements 

on the Gilliam Autism Rating Scale and the Receptive Vocabulary Test (259). The positive effects 

of carnosine in treating this condition remain the subject of numerous studies today. 

 

An increasing number of studies point to the protective role of carnosine in patients 

with diabetes. Notably, carnosine's ability to control glycemic status and prevent or mitigate 

diabetic complications such as nephropathy and eye damage stands out (260, 261). The 
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protective effects of carnosine were first mentioned in a study conducted by Lee and colleagues 

(262), where it was observed that oral supplementation of carnosine in mice over 4 weeks 

significantly reduced glucose and fibronectin levels in plasma, while on the other hand, it 

increased insulin levels. Later, it was found that the potential mechanism behind carnosine's 

hypoglycemic effect is related to its ability to regulate the autonomic nervous system through 

H3 receptors, as well as its ability to reduce neuronal activity of sympathetic nerves, thereby 

increasing insulin secretion and suppressing glucagon secretion from the pancreas (263). 

 

Carnosine's ability to prevent the onset and development of cataracts has been studied 

in various animal models (rabbits, rats...) (264, 265). Specifically, carnosine is thought to inhibit 

-hcrystallin aggregation induced by methylglyoxal and to have the potential to disaggregate 

ŀƭǊŜŀŘȅ ƎƭȅŎŀǘŜŘ ʰ-crystallin (266). 

 

1.5.3.4. Antitumor Potential of Carnosine 

 
The antitumor potential of carnosine has attracted particular interest (267-271). The 

first report of the antiproliferative effects of carnosine was described by a group of researchers 

in 1986 (263), noting that treatment with 50 mg/kg of carnosine per day inhibited tumor growth 

and reduced mortality in mice. Ten years later, it was proven that carnosine treatment did not 

exhibit inhibitory effects on the growth of human fibroblasts, while a clear selective inhibition 

was observed on the growth of neoplastic cell lines (272). Shortly after these findings, the first 

hypothesis regarding the potential mechanism of action emerged, which was based on 

carnosine's ability to inhibit glycolysis intermediates (glyceraldehyde phosphate and 

dihydroxyacetone phosphate), thereby reducing ATP production. This mechanism also explained 

the specificity of carnosine's action on tumor cells due to metabolic differences between tumor 

cells and healthy tissue cells. In addition to evidence that carnosine has the ability to inhibit 

tumor growth by acting on glycolytic processes, it is also noted for its effect on inhibiting 

mitochondrial ROS generation induced by the KRAS oncogene, which has a significant impact on 

cell proliferation (269). Iovine B and colleagues also highlight another role and possible 

mechanism of action: involvement in the process of cellular apoptosis (269). However, the exact 
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mechanism of carnosine's antitumor potential is still an area of extensive research, with 

numerous in vitro and in vivo studies being conducted (269, 273-275). 
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2. Objectives and hypotheses 

 

The objectives of the conducted research were: 

 

¶ To examine the impact of different concentrations of pure L-carnosine substance, Karnozin 

EXTRA® preparation, and Now® L-carnosine on the morphological characteristics of 

continuous cell lines - BHK-21/C-13, MRC-5, MCF-7, and U87. 

 

¶ To examine using the MTT method the impact of different concentrations of pure L-carnosine 

substance, Karnozin EXTRA® preparation, and Now® L-carnosine on the proliferative activity 

of continuous cell lines - BHK-21/C-13, MRC-5, MCF-7, and U87. 

 

¶ To examine using the "scratch assay" the impact of different concentrations of pure L-

carnosine substance, Karnozin EXTRA® preparation, and Now® L-carnosine on the 

progression of cell migration in continuous tumor cell lines - MCF-7 and U87. 

 

¶ To examine the characteristics of immunofluorescent positivity of the structural (vimentin) 

marker after treatment of continuous cell lines - BHK-21/C-13, MRC-5, MCF-7, and U87 with 

different concentrations of pure L-carnosine substance, Karnozin EXTRA® preparation, and 

Now® L-carnosine. 

 

¶ To examine the impact of different concentrations of pure L-carnosine substance, Karnozin 

EXTRA® preparation, and Now® L-carnosine on the immunofluorescent positivity of the 

oxidative (SOD2) marker in continuous cell lines - BHK-21/C-13, MRC-5, MCF-7, and U87. 

 

¶ To examine the impact of different concentrations of pure L-carnosine substance, Karnozin 

EXTRA® preparation, and Now® L-carnosine on mitochondrial respiration of "intact cells" and 

the activity of the mitochondrial respiratory chain complex in continuous cell lines - BHK-
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21/C-13, MRC-5, MCF-7, and U87. 

 

The hypotheses of the conducted research were: 

 

¶ The application of pure L-carnosine substance, Karnozin EXTRA® preparation, and Now® L-

carnosine will cause significant changes in the morphological characteristics of continuous 

tumor cell lines, while the morphological properties of healthy continuous cell lines will 

remain unchanged. 

 

¶ Pure L-carnosine substance, Karnozin EXTRA® preparation, and Now® L-carnosine, after the 

treatment of continuous tumor cell lines, will exhibit antiproliferative activity, but the 

cytotoxic effect on healthy cells will be absent. 

 

¶ Pure L-carnosine substance, Karnozin EXTRA® preparation, and Now® L-carnosine will lead to 

a statistically significant reduction in the migratory ability of continuous tumor cell lines. 

 

¶ Treatments with pure L-carnosine substance, Karnozin EXTRA® preparation, and Now® L-

carnosine will result in a change in the fluorescence intensity of the intermediate filament 

vimentin in the cytoplasm of continuous tumor cell lines, while the same effect will not be 

observed in healthy cells. 

 

¶ By applying pure L-carnosine substance, Karnozin EXTRA® preparation, and Now® L-carnosine 

on continuous cell lines - MCF-7, U87, BHK-21/C13, and MRC-5, immunohistochemical 

confirmation of the antioxidant effect (SOD2) is expected. 

 

¶ Pure L-carnosine substance, Karnozin EXTRA® preparation, and Now® L-carnosine will lead to 

a statistically significant reduction in the respiration rate of "intact cells" in the examined 

continuous tumor cell lines. The same treatments will stimulate the oxygen consumption rate 

in BHK-21/C13 and MRC-5 cells. 
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¶ Pure L-carnosine substance, Karnozin EXTRA® preparation, and Now® L-carnosine will lead to 

a statistically significant reduction in the activity of the mitochondrial respiratory chain 

complex in continuous tumor cell lines, while in healthy cell lines, an increasing trend in the 

activity of the examined complexes will be observed. 
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3. Materials and methods 

3.1. Materials 

The experiments within this doctoral dissertation were conducted in the Laboratory for 

Cell Physiology at the Institute of Physiology, the Laboratory for Cell Culture at the Institute of 

Histology and Embryology of the Faculty of Medicine, University of Novi Sad, as well as in the 

Laboratories of the Center for Medical-Pharmaceutical Research and Quality Control (CMFIK) of the 

Faculty of Medicine, University of Novi Sad. 

 

3.1.1. Chemicals, Reagents, and Solutions 

 

Table 3.1.1 presents a list of reagents and solutions used for conducting the experiments and methods 

within this research. 

Chemicals / Reagents / Solut ions Manufacturer, Country of origin 

ethylene glycol bis (2 aminoethyl ether) -

bΣbΣbΩΣbΩǘŜǘǊŀŀŎŜǘƛŎ acid 
Sigma-Aldrich, USA 

K-lactobionate Sigma-Aldrich, USA 

Taurine Sigma-Aldrich, USA 

4-(2-hydroxyethyl)-1-piperazine 

ethanesulfuric acid (HEPES) 
Sigma-Aldrich, USA 

D-sucrose Sigma-Aldrich, USA 

Bovine serum albumin (BSA) Sigma-Aldrich, USA 

Potassium dihydrogen phosphate (KH2PO4) Sigma-Aldrich, USA 

Magnesium chloride hexahydrate 

όaƎ/ƭнωсόIнhύύ 
Sigma-Aldrich, USA 

Sodium pyruvate Sigma-Aldrich, USA 

!ŘŜƴƻǎƛƴŜ р-diphosphate (ADP) Sigma-Aldrich, USA 

Isopropanole Thermo Fisher Scientific, USA 
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bΣbΣb Σb-Tetramethyl-p-phenylenediamine 

dihydrochloride (TMPD) 
Sigma-Aldrich, USA 

(+)-Sodium L-ascorbate Sigma-Aldrich, USA 

Antimycin A from Streptomyces sp. Sigma-Aldrich, USA 

Rotenone Sigma-Aldrich, USA 

Digitonin Sigma-Aldrich, USA 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, USA 

Potassium chloride (KCl) Sigma-Aldrich, USA 

3-(4,5-dimethyl-thiazol-2yl)-2,5 diphenyl- 

tetrazolium bromide (MTT) 
Sigma-Aldrich, USA 

Antibiotics (streptamycin and penicillin) Sigma-Aldrich, USA 

Dulbeccos Modified Eagles medium (DMEM) 

without phenol red 
Capricorn, Germany 

Dulbecco's Modified Eagle Medium/Nutrient 

Mixture F-12 

(DMEM/Ham's F-12) medium with L-glutamine 

Capricorn, Germany 

Minimum Essential Medium (MEM-A) Capricorn, Germany 

L-glutamine Capricorn, Germany 

Fluorescent stain for sails, DAPI (4, 

 6-diamidino-2-phenylindole) 
Abcam, USA 

DPX (Tissue-Tek® Coverslipping Systems) Sakura, United Kingdom 

Hydrochloric acid (HCl) Zorka, Serbia 

Phosphate buffer (PBS) Sigma-Aldrich, USA 

Triton X-100 

(t-oxyldenoxypolyethoxyethanol) 
Alfa Aesar, A 16046, Germany 

Sodium dithionate Sigma-Aldrich, USA 

L-Glutamic acid Sigma-Aldrich, USA 

Non-essential amino acids Sigma-Aldrich, USA 
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Trypsin with Ethylenedienetetraacetate 

acid (Trypsin-EDTA) 
Sigma-Aldrich, USA 

Paraformaldehyde Sigma-Aldrich, USA 

Rabbit antibody to vimentin Abcam, ab92547, United Kingdom 

Rabbit antibody to SOD2 Flarebio, P04179, USA 

Alexa Fluor® 555 secondary antibody Abcam, ab150078, United Kingdom 

Alexa Fluor® 488 secondary antibody Abcam, ab 150077, United Kingdom 

Fetal Bovine Serum (FCS) Sigma-Aldrich, USA 

L-όҍύ-Malic acid Sigma-Aldrich, USA 

potassium hydroxide (KOH) Sigma-Aldrich, USA 

Karbonilcijanid-p-trifluorometoksi- 

fenilhidrazon (FCCP) 
Sigma-Aldrich, USA 
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3.1.2. Preparation of L-Carnosine Substance 

 

In order to determine the antitumor potential of L-carnosine within this doctoral 

dissertation, the effects of different concentrations of pure L-carnosine substance, as well as different 

concentrations of carnosine from the preparations Karnozin EXTRA® and Now® L-carnosine, were 

examined. The pure L-carnosine substance is a product of Sigma-Aldrich (United States). Karnozin 

EXTRA® capsule is a commercially available formulation of L-carnosine (125 mg), enriched with vitamin 

E (20 mg), coenzyme Q10 (20 mg), L-carnitine (20 mg), northern blueberry extract (20 mg), and grape 

seed extract (20 mg) (CarnoMed, LLC, Novi Sad, Serbia). The Now® L-carnosine capsule is also a 

commercially available dietary supplement of L-carnosine and is a product of Now Foods (USA). 

 

The preparation of sterile solutions of pure L-carnosine substance, Karnozin EXTRA®, and 

Now® L-carnosine was carried out immediately before the treatment of the experimental groups. The 

pure L-carnosine substance was measured on an analytical balance (AS 120.R2 Plus Radwag, USA) in a 

gram weight proportional to achieve the required concentrations in an appropriate volume of 

phosphate-buffered saline (PBS). The contents of the Karnozin EXTRA® capsule (500 mg) were dissolved 

in 1500 µl of PBS in a 15 ml tube and mixed using a water ultrasonic bath (CliftonTM SW30H, Fisher 

Scientific, England) for 16 minutes, followed by centrifugation at 3000 rpm for 5 minutes at 22 °C. The 

light brown supernatant was aspirated using a 1000 µl automatic pipette. The Now® L-carnosine capsule 

(500 mg) was dissolved in a volume of 22.1 ml of PBS. These prepared solutions were filtered through a 

0.22 µm bacteriological filter to achieve sterility of the solutions used for cell treatment. 

 

3.1.3. Investigated Cell Lines 

 

The antitumor potential of L-carnosine was examined on four continuous cell lines of 

different origins. Two lines were derived from healthy tissue (hamster kidney cells and human fetal lung 

fibroblasts), and two were derived from various solid tumors (human breast adenocarcinoma and human 

glioblastoma). All the cell lines examined in this study are of the adherent type, meaning they grow 

attached to the substrate as a monolayer. The cell lines investigated in this study are: 
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1. BHK-21/C-13 - cell line derived from one-day-old hamster kidney, 

2. MRC-5 - cell line of human fetal lung fibroblasts, 

3. MCF-7 - cell line of estrogen receptor-positive (ER+) human breast adenocarcinoma, and 

4. U87 - cell line of human glioblastoma. 

 

The MCF-7 and BHK-21/C-13 cell lines were donated by the Institute for Anti-Rabies 

Protection - Pasteur Institute in Novi Sad. The MRC-5 cell line was obtained from the Institute of 

Oncology of Vojvodina in Sremska Kamenica, while the U87 cell line was donated by the Institute of 

Biochemistry, University of Belgrade. All cell lines were obtained from the "cell bank" American Type 

Culture Collection, ATCC. 
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3.1.4. Cultivation and Subcultivation of Continuous Cell Lines in a Monolayer 

 

The BHK-21/C-13 and MCF-7 cell lines were cultured in DMEM medium with sodium 

pyruvate and L-glutamine, supplemented with 10% FBS, in the presence of 1% penicillin and 

streptomycin. The MRC-5 cell line was cultured in DMEM/Ham's F-12 medium with L-glutamine, 

supplemented with 10% FBS, in the presence of 1% penicillin and streptomycin. The U87 cell line 

was cultured in MEM-A medium with the addition of 1% L-glutamine, 10% FBS, 1% non-essential 

amino acids, and 1% penicillin and streptomycin. 

 

The cell lines were maintained in an incubator (NUAIRE DH AUTOFLOW, CO2 air-jacketed 

incubator, USA) at 37 °C, in an atmosphere with >95% humidity and 5% CO2. Upon reaching 60-70% 

confluency after a period of 48 hours, the cells were washed with PBS. In a T75 cm² flask (Grainer 

Bio-One, Austria), 0.25% Trypsin/EDTA was applied in a volume of 4 ml to disrupt the connections 

between the cells and the flask walls, as well as the connections between the cells themselves. The 

incubation of the applied Trypsin/EDTA lasted for 5 minutes at 37 °C, after which the Trypsin/EDTA 

was inactivated by adding 5 ml of medium. 

 

3.1.4.1. Cultivation of Cells in Plates with Wells for Staining 

 

For the purposes of standard histological staining with hematoxylin and eosin (H&E) and 

immunofluorescent staining, samples of cell lines were seeded in 24-well plates with coverslips of 

12 mm in diameter (Marienfeld, Germany) at a concentration of 5x10^4 cells/well in 0.55 ml of the 

appropriate medium depending on the cell line's needs. The continuous cell lines investigated were 

cultured under the previously described conditions. 

 

3.1.4.2. Cultivation of Cells in T75 cm² Flasks for Measuring Mitochondrial Respiration Parameters 

 

To determine the parameters of mitochondrial respiration, cells were cultured in T75 cm² 
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flasks at a concentration of 6x10^5 cells in 12 ml of the appropriate medium depending on the cell 

line's needs. In the logarithmic growth phase, the cells in the flasks were treated with specific 

concentrations of pure L-carnosine substance as well as different concentrations of carnosine from 

Karnozin EXTRA® and Now® L-carnosine preparations. 

 

3.1.5. Dye Exclusion Test 

 

To maintain the cell lines, the cell count and their viability were examined using the dye 

exclusion test with a 0.4% trypan blue solution. The method is based on the principle that viable 

cells have an intact cell membrane that prevents the dye from entering the cytoplasm, while the 

cytoplasm of cells with compromised membrane integrity and non-viable cells stains blue. 

 

! рл ˃ƭ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴ ǿŀǎ ŘƛƭǳǘŜŘ ǿƛǘƘ рл ˃ƭ ƻŦ лΦп҈ ǘǊȅǇŀƴ ōƭǳŜ ǎƻƭǳǘƛƻƴΦ !ŦǘŜǊ н ƳƛƴǳǘŜǎ ƻŦ 

ƛƴŎǳōŀǘƛƻƴ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΣ нл ˃ƭ ƻŦ ǘƘŜ ŎŜƭƭ-dye solution was applied to a hemocytometer 

(Neubauer chamber). The counting of viable and non-viable cells was performed under an 

inverted microscope (Leica, DMIL, Germany). The number of viable cells in 1 ml of suspension 

was calculated using the following formula: 

╝ ╝  

where N = total number of viable cells in 1 ml of suspension; N0 = number of viable cells counted 

per quadrant of the hemocytometer chamber; 2 = dilution factor; 104 = correction factor 

(chamber depth and volume in ml). 

The cell samples used in the experiments were from a group of passaged cells with viability 

greater than 90%. 

 

3.1.6. Experimental Design of the Study 

 

To investigate the effect of different concentrations of pure L-carnosine substance, as well as 

different concentrations of carnosine from Karnozin EXTRA® and Now® L-carnosine, the 

treatment of continuous cell lines was divided into 10 groups: 
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1. Control Group ς control group of continuous cells treated with PBS, 

2. Group 2 mM L-carnosine ς group of continuous cells treated with pure L-carnosine substance at 

a concentration of 2 mM, 

3. Group 5 mM L-carnosine ς group of continuous cells treated with pure L-carnosine substance at 

a concentration of 5 mM, 

4. Group 10 mM L-carnosine ς group of continuous cells treated with pure L-carnosine substance 

at a concentration of 10 mM, 

5. Group 2 mM Karnozin EXTRA® ς group of continuous cells treated with Karnozin EXTRA® at a 

concentration equivalent to 2 mM concentration of pure L-carnosine from the capsule, 

6. Group 5 mM Karnozin EXTRA® ς group of continuous cells treated with Karnozin EXTRA® at a 

concentration equivalent to 5 mM concentration of pure L-carnosine from the capsule, 

7. Group 10 mM Karnozin EXTRA® ς group of continuous cells treated with Karnozin EXTRA® at a 

concentration equivalent to 10 mM concentration of pure L-carnosine from the capsule, 

8. Group 2 mM Now® L-carnosine ς group of continuous cells treated with 2 mM L-carnosine from 

Now® L-carnosine preparation, 

9. Group 5 mM Now® L-carnosine ς group of continuous cells treated with 5 mM L-carnosine from 

Now® L-carnosine preparation, 

10. Group 10 mM Now® L-carnosine ς group of continuous cells treated with 10 mM L-carnosine 

from Now® L-carnosine preparation. 

 
Treatment of the 24-well plates with a final volume of 550 µl, 6-well plates with a final 

volume of 2 ml, and T75 cm² flasks with a final volume of 12,120 ml was performed according to the 

scheme presented in Table 3.1.6. 
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Table 3.1.6. Final concentrations of pure L-carnosine substance, carnosine from Karnozin EXTRA® and 

Now® L-carnosine preparations in the culture medium for cell growth 

 

Concentration Plates 
L-carnosine i Now® L- 

carnosine 
(mg) 

Karnozin EXTRA® (µl) 

2mM 
Plate with 24 wells 0.25 2.99 
Plate with 6 wells 0.91 10.87 

Flask T 75cm2 5.48 65.8 

5mM 
Plate with 24 wells 0.62 7.47 
Plate with 6 wells 2.25 27.16 

Flask T 75cm2 13.71 164.5 

10mM 
Plate with 24 wells 1.24 14.93 
Plate with 6 wells 4.51 54.4 

Flask T 75cm2 27.42 329 
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3.2. Methods 

 

3.2.1. Determination of Morphological Characteristics of Examined Cell Lines 

 

3.2.1.1. Examination of Morphological Characteristics of Cells Stained with Hematoxylin and Eosin (H&E 

Staining) 

 

To investigate the morphological characteristics of the cell lines included in the study, cells 

were trypsinized and seeded into 24-ǿŜƭƭ ǇƭŀǘŜǎ όрҎмлщ ŎŜƭƭǎκǿŜƭƭύ ŎƻƴǘŀƛƴƛƴƎ ǎǘŜǊƛƭŜ ŎƻǾŜǊ ǎƭƛǇǎ 

for cell growth. The seeded cells were incubated at 37°C for a 24-hour period to achieve 60ς80% 

confluency, after which they were treated with various concentrations of carnosine preparations 

as previously described. Following 24 hours of incubation, standard H&E staining was performed. 

Adherent cells on the cover slips were washed with PBS and then fixed with 4% 

paraformaldehyde for 20 minutes. After fixation, the cells were washed again with PBS and 

incubated in hematoxylin for 7 minutes. Subsequently, the cells were rinsed with lukewarm tap 

water, followed by eosin staining. The cells were then washed multiple times, first with 96% 

ethanol and then with 100% ethanol. The stained cells were mounted onto microscope slides 

using DPX mounting medium. Microphotographs of the H&E-stained cells were captured using a 

Leica MC 190 camera mounted on a Leica DMLB 100T light microscope at 400× magnification. 

Morphological characteristics and changes were analyzed on at least 1,000 cells for each 

experimental group. 

 

3.2.1.2. Examination of Morphological Characteristics of Native Cells 

 

The examined cell lines were seeded into 24-ǿŜƭƭ ǇƭŀǘŜǎ όрҎмлщ ŎŜƭƭǎκǿŜƭƭύ ŀƴŘ ƛƴŎǳōŀǘŜŘ 

at 37°C for 24 hours. After treatment, native cells in culture were photographed using a Leica MC 

190 camera mounted on a Leica DMIL inverted phase-contrast microscope (Germany) at 200× 
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magnification. Morphological properties of the cells were analyzed on at least 1,000 cells in all 

groups. 

 

3.2.2. Viability Test of Examined Cell Lines After Treatment 

 

To assess the impact of pure L-carnosine substance and the preparations Karnozin 

EXTRA® and Now® L-ŎŀǊƴƻǎƛƴŜ ƻƴ ŎŜƭƭ ǾƛŀōƛƭƛǘȅΣ ŎŜƭƭǎ ǿŜǊŜ ǎŜŜŘŜŘ ŀǘ ŀ ŘŜƴǎƛǘȅ ƻŦ мҎмлъ ŎŜƭƭǎ ǇŜǊ 

well in 96-well plates. After overnight adherence, cells were treated with various concentrations 

of carnosine (2, 5, and 10 mM) and incubated for 24 hours. The control group consisted of cells 

incubated with PBS only. The effect of the tested preparations on cell proliferation was 

determined using a modified MTT assay (277). The MTT assay is based on the reduction of the 

yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) to 

insoluble purple formazan crystals in metabolically active cells. 

 
After treatment, the medium was completely aspirated using an automatic pipette, and 

the cells were washed with PBS. MTT solution (0.5 mg/ml) was added to each well, and the plates 

were incubated at 37°C for 3 hours. To dissolve the formazan crystals, acid-isopropanol was 

added to all wells and thoroughly mixed, as the amount of dissolved formazan is directly 

proportional to the number of viable, metabolically active cells. Spectrophotometric 

measurement of MTT reduction, i.e., the intensity of the purple color, was performed at a 

wavelength of 540/690 nm using a Multiscan MCC340 reader (Labsystems). Results are 

presented as the proliferation rate or percentage of viable cells treated relative to control 

(untreated) cells, whose viability was arbitrarily set ŀǘ млл҈Φ ! ƳŜŀǎǳǊŜŘ Ǿƛŀōƛƭƛǘȅ ǾŀƭǳŜ ƻŦ җфл҈ 

was considered non-toxic for the applied cell treatment (278). Two independent experiments 

were conducted in quadruplicate for each tested preparation. 

 

3.2.3. Examination of Migratory Ability of Continuous Tumor Cell Lines After Treatment ς In Vitro 

"Scratch" Assay 
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Exponentially growing human breast adenocarcinoma (MCF-7) and human glioblastoma 

(U87) cells were seeded into 6-ǿŜƭƭ ǇƭŀǘŜǎ ŀǘ ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ нҎмлъ ŎŜƭƭǎκǿŜƭƭ ǿƛǘƘ ŀǇǇǊƻǇǊƛŀǘŜ 

growth medium. Over the next 24 hours, the cells formed a confluent monolayer. Experimental 

group treatments were then applied, and the cells were incubated for 24 hours. The ability of 

cells to migrate was assessed using the "scratch" assay (279). After removing the growth medium, 

a straight line (scratch) was created in the center of the monolayer in each well using a sterile 

200 µl pipette tip. Cells were gently washed with PBS to remove detached floating cells, and 

appropriate serum-free growth medium was added to each well. 

 

Using a Leica MC 190 HD camera (Germany), native cells in culture were photographed 

immediately after creating the central scratch (0 h) and after 24 hours. Representative points 

were photographed at the upper, middle, and lower parts of the scratch area. Image analysis was 

performed using the ImageJ software with the MRI Wound Healing Tool plugin, which calculated 

the area of the open space between cells. The average distance immediately after scratching (0 

h) was considered the control (100%), and the average distances after 24 hours of incubation 

were calculated as a percentage relative to the control distance. All experimental measurements 

were repeated in triplicate. 

 

3.2.4. Immunofluorescence Staining of Continuous Cell Lines 

 

After 24 hours of incubation, both control and treated experimental groups were 

subjected to staining of adherent cells on cover slips from 24-well plates. Growth medium was 

aspirated using a 1000 µl automatic pipette, and adherent cells on the cover slips were washed 

three times with PBS. Cells were then fixed with 4% paraformaldehyde (dissolved in PBS) for 10 

minutes, followed by another PBS wash. Permeabilization of cell membranes was performed 

using 0.3% Triton X-100 for 5 minutes. Subsequent preparation steps were carried out in a humid 

chamber. Cover slips were treated with 10% normal goat serum to block nonspecific staining for 

30 minutes at 25°C. 
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The immunofluorescence staining protocol proceeded as follows: 

 

Primary antibodies were applied to the fixed cells on the cover slips: 

 

1. Vimentin at a dilution of 1:500. 

2. SOD2 at a dilution of 1:50. 

 

The primary antibodies were incubated at 25°C for 60 minutes. Secondary antibodies 

Alexa Fluor® 555 and Alexa Fluor® 488 were then applied to the cells on the cover slips in a dark, 

humid chamber for 30 minutes at 25°C. The cover slips with stained cells were mounted onto 

microscope slides using DAPI mounting medium in a dark room. 

 

Stained cells were analyzed using a Leica DMLB 100T microscope (Germany) and 

photographed with a Leica MC 190 HD camera (Germany) at 400× magnification. Fluorescence 

intensity measurements were performed on ten random fields at 400× magnification using 

ImageJ 1.45 software (USA). An outline was drawn around all cells visualized on the cover slips. 

The total area of stained cells and the mean fluorescence intensity (integrated density) were 

measured, along with several background intensity measurements around the cells. The Total 

Corrected Cellular Fluorescence (TCCF) was calculated using the formula: 

 

TCCF=integrated density (selected cell range × background intensity) 

 

(280). 

 

3.2.5. Examination of Mitochondrial Respiration Parameters of Continuous Cell Lines 

 

3.2.5.1. Determination of Mitochondrial Respiration Parameters in "Intact Cells" 

 

Calibration of the Oxygraph plus apparatus (Hancatach Instruments, England) was 
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performed before each experiment according to the manufacturer's instructions. Using a 1000 

µl automatic pipette, 2 ml of MiR05 solution (110 mM sucrose, 60 mM K-lactobionate, 0.5 mM 

9D¢!Σ о Ƴa aƎ/ƭіΣ нл Ƴa ¢ŀǳǊƛƴŜΣ мл Ƴa YIіthјΣ нл Ƴa I9t9{Σ ŀƴŘ лΦм҈ .{!Σ ǇI тΦм ŀǘ отϲ/ύ 

was added to the reaction chamber. To equilibrate the MiR05 solution to 37°C, the chamber 

content was stirred with a small magnet for 10 minutes. 

 

After trypsiƴƛȊŀǘƛƻƴΣ ŀ ǎǇŜŎƛŦƛŎ ǾƻƭǳƳŜ ŎƻƴǘŀƛƴƛƴƎ нҎмлы ǾƛŀōƭŜ ŎŜƭƭǎ ǿŀǎ ŎŜƴǘǊƛŦǳƎŜŘ ŦƻǊ 

5 minutes at 300 g. The cells were resuspended in PBS and centrifuged again under the same 

conditions to wash away the growth medium. The resulting cell pellet was resuspended in 0.5 ml 

of pre-tempered MiR05 solution and then added to the reaction chamber of the Oxygraph plus 

apparatus, preparing the cells for mitochondrial respiration measurement. 

 

Oxygen concentration in the reaction chamber was measured using a Clark electrode (Hancatach 

Instruments, England) as per the manufacturer's instructions. The apparatus was connected to 

the O2 view software for data interpretation. The rate of oxygen consumption was expressed in 

ƴƳƻƭ hіκƳƛƴκнҎмлы ŎŜƭƭǎΦ 

 

3.2.5.2. Determination of Digitonin Concentration Required for Permeabilization of Cell Membranes in 

Examined Continuous Cell Lines 

 

The concentration of digitonin required for permeabilization of the cell membrane, 

without compromising the integrity of the mitochondrial membrane, was optimized for each 

examined cell line. 

 

Preparation of cells for determining the digitonin concentration was performed 

following the protocol for measuring mitochondrial respiration parameters in intact cells. After 

adding 0.5 ml of MiR05 solution containing нҎмлы ǾƛŀōƭŜ ŎŜƭƭǎΣ ƳƛǘƻŎƘƻƴŘǊƛŀƭ ǊŜǎǇƛǊŀǘƛƻƴ 

parameters were measured. Subsequently, substrates were added to the reaction chamber using 

precise Hamilton glass syringes (USA) according to the following protocol: 
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1. Succinate (10 mM) 

2. ADP (5 mM) 

3. Rotenone ς inhibitor of mitochondrial respiratory chain complex I (0.1 µM) 

 

The time interval for monitoring mitochondrial respiration parameters after each substrate 

addition ranged from 5 to 10 minutes, depending on achieving a stable signal. 

 

Following the addition of rotenone, digitonin titration was performed. The initial 

digitonin concentration added to the reaction chamber was 5 µg/ml, gradually increasing up to 

50 µg/ml through subsequent titrations. **Cytochrome c** (10 µM) was used to monitor the 

integrity of the outer mitochondrial membrane. A detectable increase in mitochondrial 

respiration parameters after adding cytochrome c indicated compromised integrity of the outer 

membrane. 

 

3.2.5.3. Determination of Mitochondrial Respiration Parameters After Cell Membrane Permeabilization 

 

After permeabilizing the cell membrane using the appropriate concentration of 

digitonin, mitochondrial respiration parameters were measured. Using Hamilton glass syringes, 

appropriate concentrations of substrates and specific inhibitors of respiratory chain complexes 

were added to the reaction chamber following this protocol: 

1. Pyruvate (10 mM) 

2. Malate (2 mM) 

3. ADP (2.5 mM) 

4. Glutamate (10 mM) 

5. Rotenone (0.5 µM) 

6. Succinate (15 mM) 

7. Antimycin A (2.5 µM) 

8. TMPD + Ascorbate (0.5 mM + 2 mM) (281). 
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3.2.6. Statistical Processing and Analysis of Obtained Results 

 

Analyzed results are presented through microphotographs and graphs. In descriptive 

statistics, numerical variables are expressed as mean ± standard deviation (SD). Differences 

between independent variables were tested using parametric analysis of variance ANOVA with 

the Games-Howell post hoc test for unequal variances. All analyses were performed using IBM 

SPSS Statistics 23 software (SPSS Inc, Chicago, Illinois, USA). Hypotheses were tested at a 

statistical significance level of p<0.05 and p<0.0001. Graphical representations of the results 

were created using GraphPad Prism software (version 7.05, San Diego, CA, USA). 
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4. RESULTS 

4.1. Analysis of the morphological characteristics of cell lines after 

treatment 

 

In order to analyze the effects of pure L-carnosine, and the preparations Karnozin EXTRA® and 

Now® L-carnosine on the cell morphology of BHK-21/C-13, MRC-5, MCF-7, and U87 cell lines, the cells 

were treated with different concentrations of carnosine (2, 5, and 10 mM) for 24 hours. After the 

treatment, the presence of morphological changes was examined in microphotographs of cells stained 

with standard H&E staining, as well as through visual observation of native cells using an inverted phase-

contrast microscope. 

 

4.1.1. Hamster Kidney Cells (BHK-21/C-13) 

 

BHK-21/C-13 cells exhibit fibroblast-like characteristics. The cells of the control group are 

relatively large and spindle-shaped. A large euchromatic nucleus occupies almost the entire cell, and the 

presence of a significant number of nucleoli is observed. The specific growth in a monolayer, forming 

clusters of cells with parallel orientation, is a feature of this cell line. The morphological characteristics of 

BHK-21/C-13 cells after treatment with different carnosine preparations are presented in Figures 4.1.1, 

4.1.2, and 4.1.3. 

 

4.1.1.1. Influence of Pure L-Carnosine on the Morphology of BHK-21/C-13 Cells 

 

The analysis of the morphological characteristics of BHK-21/C-13 cells after treatment with 

different concentrations of L-carnosine revealed that the experimental group cells exhibit the same 

morphological properties as the control group cells (Figure 4.1.1). 
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Figure 4.1.1. Morphological Characteristics of BHK-21/C-13 Cells After 24 h Treatment with L-

Carnosine. Cell Preparations Stained with Standard H&E Staining Were Photographed Using a 

Light Microscope (400x Magnification, Scale 50 µm), While Microphotographs of Live Native 

Cells in Culture Were Taken with an Inverted Microscope with Phase Contrast (200x 

Magnification, Scale 100 µm). A) and B) Control Group, C) and D) 2 mM L-Carnosine, E) and F) 5 

mM L-Carnosine, G) and H) 10 mM L-Carnosine. 

 

4.1.1.2. Influence of the Karnozin EXTRA® Preparation on the Morphology of BHK-21/C-13 Cells 

 

Figure 4.1.2 shows the control and experimental groups of BHK-21/C-13 cells treated 

with different concentrations of the tested preparation. BHK-21/C-13 cells in the 2 and 5 mM 

Karnozin EXTRA® groups retained the characteristic morphological properties of untreated cells. 

On the other hand, the application of Karnozin EXTRA® in the 10 mM group resulted in significant 

variations in cell morphology. The cells appear visually smaller and have a changed shape, no 

longer spindle-shaped but polygonal, with visible changes in nuclear structure, including signs of 

fragmentation and degradation. Additionally, an increase in the number of round cells that lose 

their adhesion properties is observed. 
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Figure 4.1.2. Morphological Characteristics of BHK-21/C-13 Cells After 24 h Treatment with 
Carnosine EXTRA®. Cell Preparations Stained with Standard H&E Staining Were Photographed 
Using a Light Microscope (400x Magnification, Scale 50 µm), While Microphotographs of Live 
Native Cells in Culture Were Taken with an Inverted Microscope with Phase Contrast (200x 
Magnification, Scale 100 µm). A) and B) Control Group, C) and D) 2 mM Carnosine EXTRA®, E) 
and F) 5 mM Carnosine EXTRA®, G) and H) 10 mM Carnosine EXTRA®. 

 

4.1.1.3. Influence of Now® L-Carnosine on the Morphology of BHK-21/C-13 Cells 

 

The morphological characteristics of BHK-21/C-13 cells after 24 hours of treatment with 

different concentrations of the tested preparation are presented in Figure 4.1.3. The spindle shape 

of the cells and the presence of a large euchromatic nucleus are features of both the control and 

experimental groups. 
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Figure 4.1.3. Morphological Characteristics of BHK-21/C-13 Cells After 24 h Treatment with Now® L-

Carnosine. Cell Preparations Stained with Standard H&E Staining Were Photographed Using a Light 

Microscope (400x Magnification, Scale 50 µm), While Microphotographs of Live Native Cells in Culture 

Were Taken with an Inverted Microscope with Phase Contrast (200x Magnification, Scale 100 µm). A) 

and B) Control Group, C) and D) 2 mM Now® L-Carnosine, E) and F) 5 mM Now® L-Carnosine, G) and H) 

10 mM Now® L-Carnosine. 

 

4.1.2. Human Fetal Lung Fibroblasts (MRC-5) 
 

The MRC-5 cell line of human fetal lung fibroblasts is characterized by growth in a monolayer 
with pronounced contact inhibition. The cells of the control group exhibit the morphological 
characteristics typical of fibroblasts. They have a spindle-polygonal shape, with a heterochromatic 
nucleus located in the central part of the cell. The cells communicate with each other through numerous 
cytoplasmic extensions that extend from the body of the cells. In the conducted study, we analyzed the 
effects of different carnosine preparations on the morphology of non-tumor cells, specifically the MRC-5 
cell line, as shown in Figures 4.1.4, 4.1.5, and 4.1.6. 

 

4.1.2.1. Influence of Pure L-Carnosine on the Morphology of MRC-5 Cells 

 

The application of different concentrations of the pure substance, L-carnosine, did not result in 

changes in the morphological properties of MRC-5 cells (Figure 4.1.4). In all three experimental groups, 

the presence of cells in the division phase is observed. The cells have a spindle-polygonal shape with a 

centrally located heterochromatic nucleus. Additionally, the presence of numerous cytoplasmic 

extensions indicates that the cells in the experimental groups retained the morphological characteristics 

of untreated cells. 

 
 

 
 
 



 

71 

Doctoral dissertation !ƭŜƪǎŀƴŘǊŀ tƻǇƻǾƛŏ 

Figure 4.1.4. Morphological Characteristics of MRC-5 Cells After 24 h Treatment with L-

Carnosine. Cell Preparations Stained with Standard H&E Staining Were Photographed Using a 

Light Microscope (400x Magnification, Scale 50 µm), While Microphotographs of Live Native 

Cells in Culture Were Taken with an Inverted Microscope with Phase Contrast (200x 

Magnification, Scale 100 µm). A) and B) Control Group, C) and D) 2 mM L-Carnosine, E) and F) 5 

mM L-Carnosine, G) and H) 10 mM L-Carnosine. 

 

4.1.2.2. Influence of Karnozin EXTRA® on the Morphology of MRC-5 Cells 

 
Treatment with Karnozin EXTRA® caused significant variations in the morphological 

characteristics of cells in all three experimental groups compared to the control group (Figure 

4.1.5). The onset of morphological changes was evident as early as in the 2 mM Karnozin EXTRA® 

group. The presence of smaller cells with long and thin cytoplasmic extensions and a large 

nucleus, which pushes the cytoplasm toward the periphery, was observed. However, the most 

pronounced effect of the preparation on the change in morphological characteristics of MRC-5 

cells was evident in the 5 and 10 mM Karnozin EXTRA® groups. The cells were elongated, thinned, 

and had a spindle-like appearance. The morphological appearance of the cells in these 

experimental groups was also characterized by a drastic reduction in the number of cytoplasmic 

extensions originating from the cell bodies. Around viable cells adhered to the substrate, cell 

debris was observed. 

 

 
 

 

Figure 4.1.5. Morphological Characteristics of MRC-5 Cells After 24 h Treatment with Carnosine 

EXTRA®. Cell Preparations Stained with Standard H&E Staining Were Photographed Using a Light 
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Microscope (400x Magnification, Scale 50 µm), While Microphotographs of Live Native Cells in 

Culture Were Taken with an Inverted Microscope with Phase Contrast (200x Magnification, Scale 

100 µm). A) and B) Control Group, C) and D) 2 mM Carnosine EXTRA®, E) and F) 5 mM Carnosine 

EXTRA®, G) and H) 10 mM Carnosine EXTRA®. 

 

4.1.2.3. Influence of Now® L-Carnosine on the Morphology of MRC-5 Cells 

 

Analyzing the effects of Now® L-Carnosine on the morphological properties of human 

fetal lung fibroblasts did not reveal significant deviations compared to the appearance of the cells 

in the control group (Figure 4.1.6). The cells are polygonal in shape with numerous cytoplasmic 

extensions. The heterochromatic nucleus occupies the central part of the cell. In all three 

experimental groups, the presence of cells in various stages of division was evident. 

 

Figure 4.1.6. Morphological Characteristics of MRC-5 Cells After 24 h Treatment with Now® L-

Carnosine. Cell Preparations Stained with Standard H&E Staining Were Photographed Using a 

Light Microscope (400x Magnification, Scale 50 µm), While Microphotographs of Live Native Cells 

in Culture Were Taken with an Inverted Microscope with Phase Contrast (200x Magnification, 

Scale 100 µm). A) and B) Control Group, C) and D) 2 mM Now® L-Carnosine, E) and F) 5 mM Now® 

L-Carnosine, G) and H) 10 mM Now® L-Carnosine. 

 

4.1.3. Breast Adenocarcinoma Cells (MCF-7) 

 

Changes in the morphological characteristics of the MCF-7 cell line after treatment with different 

carnosine preparations are presented in Figures 4.1.7, 4.1.8, and 4.1.9. In standard H&E staining 

and phase contrast, MCF-7 cells in the control group are characterized by typical epithelial 
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features and growth in a monolayer. The cells are polygonal in shape with a large centrally 

located euchromatic nucleus, within which one or two nucleoli can be visualized. 

 

4.1.3.1. Influence of Pure L-Carnosine on the Morphology of MCF-7 Cells 

 

After 24 hours of treating the MCF-7 cell line with the pure substance L-carnosine, a 

series of changes in morphological properties were identified compared to the control group 

(Figure 4.1.7). Specifically, in all three experimental groups, the presence of individual giant cells 

is observed, with an increase in their number as the concentration of the tested substance 

increases. The characteristic features of treated cells are attributed to apoptosis and are 

represented by cytoplasmic vacuolization, disruption of the cell membrane integrity, and the 

subsequent disintegration of the cells themselves. The most pronounced effects of L-carnosine 

on the morphological changes in MCF-7 cells are observed in the 10 mM L-carnosine group. 

 

 
 

Figure 4.1.7. Morphological Characteristics of MCF-7 Cells After 24 h Treatment with L-

Carnosine. Cell Preparations Stained with Standard H&E Staining Were Photographed Using a 

Light Microscope (400x Magnification, Scale 50 µm), While Microphotographs of Live Native 

Cells in Culture Were Taken with an Inverted Microscope with Phase Contrast (200x 

Magnification, Scale 100 µm). A) and B) Control Group, C) and D) 2 mM L-Carnosine, E) and F) 5 

mM L-Carnosine, G) and H) 10 mM L-Carnosine. 
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4.1.3.2. Influence of Karnozin EXTRA® on the Morphology of MCF-7 Cells 

 

As shown in Figure 4.1.8, Karnozin EXTRA® leads to drastic changes in morphological 

characteristics that are dose-dependent. In the 2 mM Karnozin EXTRA® group, the presence of 

individual round cells, smaller in size than untreated cells, is recorded. Cytoplasmic condensation, 

disrupted cell membrane integrity, reduced cell adhesion to the flask walls, as well as an increase 

in the number of floating cells in the medium, are observed in the 5 and 10 mM Karnozin EXTRA® 

groups. In the 10 mM Karnozin EXTRA® group, the presence of significantly smaller round cells 

with visible nuclear condensation and fragmentation is dominant. 

 
 

 

Figure 4.1.8. Morphological Characteristics of MCF-7 Cells After 24 h Treatment with Carnosine 

EXTRA®. Cell Preparations Stained with Standard H&E Staining Were Photographed Using a Light 

Microscope (400x Magnification, Scale 50 µm), While Microphotographs of Live Native Cells in 

Culture Were Taken with an Inverted Microscope with Phase Contrast (200x Magnification, Scale 

100 µm). A) and B) Control Group, C) and D) 2 mM Carnosine EXTRA®, E) and F) 5 mM Carnosine 

EXTRA®, G) and H) 10 mM Carnosine EXTRA®. 

 

4.1.3.3. Influence of Now® L-Carnosine on the Morphology of MCF-7 Cells 

MCF-7 cells treated with Now® L-Carnosine are morphologically altered compared to 

the control group (Figure 4.1.9). Grouped round cells of smaller size with large round nuclei 

are observed in all experimental groups. However, in the 5 and 10 mM Now® L-Carnosine 
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groups, individual giant cells with irregular or polygonal shapes and centrally located nuclei are 

also observed. The presence of cellular debris ("cell dust") in the experimental groups 

intensifies with the increasing concentration of the tested preparation. 

 

Figure 4.1.9. Morphological Characteristics of MCF-7 Cells After 24 h Treatment with Now® L-

Carnosine. Cell Preparations Stained with Standard H&E Staining Were Photographed Using a 

Light Microscope (400x Magnification, Scale 50 µm), While Microphotographs of Live Native 

Cells in Culture Were Taken with an Inverted Microscope with Phase Contrast (200x 

Magnification, Scale 100 µm). A) and B) Control Group, C) and D) 2 mM Now® L-Carnosine, E) 

and F) 5 mM Now® L-Carnosine, G) and H) 10 mM Now® L-Carnosine. 

 

4.1.4. Human Glioblastoma Cells (U87) 

As shown in Figures 4.1.10, 4.1.11, and 4.1.12, the treatment of human glioblastoma 

cells with different carnosine substances caused drastic morphological changes that are dose-

dependent. Untreated cells exhibit the characteristic morphological features of this cell line. 

Specifically, U87 human glioblastoma cells are characterized by epithelial morphology. Growth 

in a monolayer, the presence of large heterochromatic nuclei with 2 to 5 centrally located 

nucleoli, as well as lateral branched extensions, are features of this cell line. 

 

4.1.4.1. Influence of Pure L-Carnosine on the Morphology of U87 Cells 

The application of the pure substance carnosine, L-carnosine, resulted in significant 

dose-dependent changes in the morphological properties of human glioblastoma cells (Figure 



 

76 

Doctoral dissertation !ƭŜƪǎŀƴŘǊŀ tƻǇƻǾƛŏ 

4.1.10). Larger dimensions, irregular shape, and the presence of long extensions are features of 

the cells in the 2 mM L-carnosine group. In the 5 mM and 10 mM L-carnosine groups, the cells 

are characterized by the presence of numerous transparent vacuoles in the cytoplasm, which 

cause deformation of the cell membrane. The appearance of spherical cells with darker stained 

pyknotic nuclei is observed in the 10 mM L-carnosine group. 

 
Figure 4.1.10. Morphological characteristics of U87 cells after 24 hours of treatment with L-

carnosine. Cell preparations stained with standard H&E staining were photographed using a light 

microscope (400x magnification, scale bar 50 µm), while micrographs of live native cells in 

culture were taken with an inverted phase-contrast microscope (200x magnification, scale bar 

100 µm). A) and B) control group, C) and D) 2 mM L-carnosine, E) and F) 5 mM L-carnosine, G) 

and H) 10 mM L-carnosine. 

 

4.1.4.2. Influence of Karnozin EXTRA® on the Morphology of U87 Cells 

 

Treatment with Karnozin EXTRA® led to variations in the cell morphology of U87 cells in 

all three experimental groups compared to the control group (Figure 4.1.11). Specifically, in the 

2 mM Karnozin EXTRA® group, there is a pronounced change in cell shape. The cells are elongated 

and thinned, and there is a noticeable absence of lateral extensions. Deformation of the cell 

membrane is pronounced due to the presence of numerous vacuoles in the cytoplasm. Cells in 

the 5 mM Karnozin EXTRA® group are characterized by significant changes in both shape and size 

compared to the control group. The cells are much smaller in size, no longer as elongated as in 

the 2 mM Karnozin EXTRA® group, and spherical cells are also observed. The increase in the 

number of floating cells in the growth medium indicates a loss of the cells' adhesive ability. The 
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morphological changes in U87 cells in the 10 mM Karnozin EXTRA® group indicate signs of cell 

death, including cell rounding, the formation of apoptotic bodies with condensed chromatin, and 

loss of cell adhesion to the flask walls. It is evident that the increase in carnosine concentration 

leads to reduced cell viability and an increase in the number of floating U87 cells in the medium, 

with the most pronounced effect in the 10 mM Karnozin EXTRA® group. 

 

 

Figure 4.1.11. Morphological characteristics of U87 cells after 24 hours of treatment with 

Carnosine EXTRA®. Cell preparations stained with standard H&E staining were photographed 

using a light microscope (400x magnification, scale bar 50 µm), while micrographs of live native 

cells in culture were taken with an inverted phase-contrast microscope (200x magnification, 

scale bar 100 µm). A) and B) control group, C) and D) 2 mM Carnosine EXTRA®, E) and F) 5 mM 

Carnosine EXTRA®, G) and H) 10 mM Carnosine EXTRA®. 

 

4.1.4.3. Influence of Now® L-Carnosine on the Morphology of U87 Cells 

 

After treatment with Now® L-Carnosine on the human glioblastoma cell line, there 

was a loss of typical cell morphology in the experimental groups compared to the control group 

(Figure 4.1.12). In all three experimental groups, the presence of numerous vacuoles in the 

cytoplasm was recorded. Specifically, compared to the control group, the cells treated with 

Now® L-Carnosine lost their typical shape. Shorter and smaller lateral extensions, as well as a 

loss of the spindle shape, are observed in the 2 and 5 mM Now® L-Carnosine groups. The 

characteristic feature of human glioblastoma cells in the 10 mM Now® L-Carnosine group is the 
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almost complete absence of extensions, along with an apparent increase in cell volume and 

noticeable deformation of the cell membrane. 

 

Figure 4.1.12. Morphological characteristics of U87 cells after 24 hours of treatment with Now® 

L-carnosine. Cell preparations stained with standard H&E staining were photographed using a 

light microscope (400x magnification, scale bar 50 µm), while micrographs of live native cells in 

culture were taken with an inverted phase-contrast microscope (200x magnification, scale bar 

100 µm). A) and B) control group, C) and D) 2 mM Now® L-carnosine, E) and F) 5 mM Now® L-

carnosine, G) and H) 10 mM Now® L-carnosine.  
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4.2. Antiproliferative activity of different carnosine preparations on the 

tested cell lines 

 

The results of the MTT test after 24 hours of treatment of BHK-21/C-13, MRC-5, MCF-7, 

and U87 cell lines with various concentrations of carnosine (2, 5, and 10 mM) of the pure 

substance, as well as the tested preparations Karnozin EXTRA® and Now® L-carnosine, are 

graphically presented. All results are shown as the percentage of viable cells relative to the 

control group. 

 

4.2.1. Hamster kidney cells (BHK-21/C-13) 

 

4.2.1.1. The effect of pure L-carnosine on the viability of BHK-21/C-13 cells 

The effects of pure L-carnosine on the viability of BHK-21/C-13 cells after 24 hours of 

treatment are shown in Graph 4.2.1A. An exceptionally high viability rate is observed in all 

experimental groups (>90%) compared to the control, so the use of the pure substance is 

considered non-toxic to this cell line. 

 

4.2.1.2. The effect of Karnozin EXTRA® on the viability of BHK-21/C-13 cells  

After conducting 24 hours of treatment of BHK-21/C-13 cells with various 

concentrations of carnosine from Karnozin EXTRA®, the viability of this cell line was analyzed 

(Graph 4.2.1B). In the groups treated with 2 mM and 5 mM Karnozin EXTRA®, no cytotoxic effect 

was observed. On the other hand, in the group treated with 10 mM Karnozin EXTRA®, a 

statistically significant decrease in viability compared to the control and other experimental 

groups was recorded (F=3247.67; p<0.05). A significant reduction in viability was observed in this 

experimental group. 
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4.2.1.3. The effect of Now® L-carnosine on the viability of BHK-21/C-13 cells 

Analyzing the results of the MTT test after 24 hours of treatment with various 

concentrations of Now® L-carnosine on BHK-21/C-13 cells, a high viability rate (>90%) was 

observed, as shown in Graph 4.2.1C. The treatment with Now® L-carnosine is considered non-

toxic for BHK-21/C-13 cells as the viability rate in all experimental groups was above 90%. 

 

 
Graph 4.2.1. Effect of A) pure L-carnosine, B) Karnozin EXTRA®, and C) Now® L-carnosine on the 

viability of hamster kidney cells. The cells were incubated with different concentrations of 

carnosine for 24 hours, and cell viability was assessed using the MTT test. Results are presented 

as mean±SD. Viability is expressed as a percentage compared to untreated cells. *  p<0.05. 

 

4.2.1.4. The effect of 2 mM carnosine concentration from the tested preparations on BHK-21/C-13 cell 

viability 

BHK-21/C-13 cells treated with 2 mM carnosine from the different preparations showed 

exceptionally high viability compared to the control group in all three experimental groups 

(Graph 4.2.2A). The viability of the cells in the 2 mM Now® L-carnosine group was almost the 

same as the control group. 

 

4.2.1.5. The effect of 5 mM carnosine concentration from the tested preparations on BHK-21/C-13 cell 

viability   

Treatment with 5 mM carnosine from the tested preparations did not result in a 

cytotoxic effect on BHK-21/C-13 cells, as presented in Graph 4.2.2B. 
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4.2.1.6. The effect of 10 mM carnosine concentration from the tested preparations on BHK-21/C-13 cell 

viability   

The effect of the tested preparations with 10 mM carnosine on the viability of BHK-21/C-

13 cells is shown in Graph 4.2.2C. In the groups treated with 10 mM Now® L-carnosine and 10 

mM L-carnosine, no cytotoxic effects were observed. However, a statistically significant 

reduction in cell viability was recorded in the 10 mM Karnozin EXTRA® group compared to the 

control and other experimental groups (F=3247.67; p<0.05). 

 
 

 
 
Graph 4.2.2. The effect of pure L-carnosine, Karnozin EXTRA®, and Now® L-carnosine on the 

viability of hamster kidney cells after 24 hours of treatment with concentrations of A) 2 mM, B) 

5 mM, and C) 10 mM carnosine. Cell viability was assessed using the MTT test. Results are 

presented as mean±SD. Viability is expressed as a percentage relative to untreated cells. *p<0.05. 
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4.2.2. Human fetal lung fibroblasts (MRC-5) 

 

4.2.2.1. The effect of pure L-carnosine on the viability of MRC-5 cells 

The viability of human fetal lung fibroblast cells from the MRC-5 continuous cell line after 

24 hours of treatment with different concentrations of pure L-carnosine is shown in Graph 4.2.3A. 

Lƴ ŀƭƭ ŜȄǇŜǊƛƳŜƴǘŀƭ ƎǊƻǳǇǎΣ ǘƘŜ ƳŜŀǎǳǊŜŘ Ǿƛŀōƛƭƛǘȅ ǿŀǎ җфл҈Σ ǎƻ ǘhe application of pure L-

carnosine can be considered non-toxic to MRC-5 cells. 

 

4.2.2.2. The effect of Karnozin EXTRA® on the viability of MRC-5 cells 

Incubation of human fetal lung fibroblast cells for 24 hours after treatment with different 

concentrations of carnosine from Karnozin EXTRA® showed a dose-dependent decrease in 

viability compared to the control group (F=32269052; p<0.05) (Graph 4.2.3B). A statistically 

significant difference in the percentage of viable cells was also observed when comparing all 

experimental groups to each other (F=32269052; p<0.05). In the 2 mM Karnozin EXTRA® group, 

this value was 63.11±0.008%, while a drastic decrease in cell number and a more pronounced 

cytotoxic effect were observed in the 5 mM and 10 mM Karnozin EXTRA® groups. 

 

4.2.2.3. The effect of Now® L-carnosine on the viability of MRC-5 cells 

Graph 4.2.3C shows the effect of different concentrations of Now® L-carnosine on the 

viability of the MRC-5 continuous cell line. The cell viability in all experimental groups was >90%. 

In the 2 mM and 5 mM Now® L-carnosine groups, the percentage of viable cells was very similar. 

A statistically significant reduction in viability was recorded in the 10 mM Now® L-carnosine group 

compared to the control and other experimental groups (F=32269052; p<0.05). However, since 

the percentage of viable cells in this group was still >90%, treatment with 10 mM Now® L-

carnosine can also be considered non-toxic to human fetal lung fibroblast cells. 
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Graph 4.2.3. The effect of A) pure L-carnosine, B) Karnozin EXTRA®, and C) Now® L-carnosine on 

the viability of human fetal lung fibroblast cells. The tested cells were incubated with different 

concentrations of carnosine for 24 hours, and cell viability was assessed using the MTT test. 

Results are presented as mean±SD. Viability is expressed as a percentage relative to untreated 

cells. *p<0.05. 

 

4.2.2.4. The effect of 2 mM carnosine concentration from the tested preparations on the viability of 

MRC-5 cells 

The viability of the continuous MRC-5 cell line incubated with 2 mM carnosine from the 

tested preparations, in comparison to the control group, is shown in Graph 4.2.4A. In the 2 mM 

Karnozin EXTRA® group, a statistically significant reduction in the proliferation of treated cells 

was observed compared to the control group and the other experimental groups (F=32269052; 

p<0.05). The percentage of viable cells in the 2 mM L-carnosine and 2 mM Now® L-carnosine 

groups was greater than 90%, so the application of these preparations was considered non-toxic 

to human fetal lung fibroblast cells. 

 

4.2.2.5. The effect of 5 mM carnosine concentration from the tested preparations on the viability of 

MRC-5 cells 

Graph 4.2.4B shows the results of the MTT test in MRC-5 cell cultures incubated for 24 

hours with 5 mM carnosine from the tested preparations, compared to the control group. No 

cytotoxic effect was observed in the 5 mM L-carnosine and 5 mM Now® L-carnosine groups, as 

cell viability in these experimental groups was җфл҈Φ hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ŎŀǊƴƻǎƛƴŜ 

in the 5 mM Karnozin EXTRA® group on MRC-5 cell proliferation showed a drastic reduction in 

the number of viable cells, which was statistically significant compared to the control and the 
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other two experimental groups (F=32269052; p<0.05). 

 

4.2.2.6. The effect of 10 mM carnosine concentration from the tested preparations on the viability of 

MRC-5 cells 

The results of the MTT test measuring the viability of MRC-5 cells after treatment with 

10 mM carnosine from the tested preparations are presented in Graph 4.2.4C. In the 10 mM 

Karnozin EXTRA® group, after 24 hours of treatment, a statistically significant and pronounced 

reduction in the number of viable cells was observed compared to the control and experimental 

groups (F=32269052; p<0.05). Conversely, the treatment of the MRC-5 cell line with pure L-

carnosine and Now® L-carnosine at this concentration did not result in a cytotoxic effect. 

 
 

 
 
 

Graph 4.2.4. The effect of pure L-carnosine, Karnozin EXTRA®, and Now® L-carnosine on the 

viability of human fetal lung fibroblast cells after 24 hours of treatment with concentrations of 

A) 2 mM, B) 5 mM, and C) 10 mM carnosine. Cell viability was assessed using the MTT test. Results 

are presented as mean±SD. Viability is expressed as a percentage relative to untreated cells. 

p<0.05. 

 

4.2.3. Breast Adenocarcinoma Cells (MCF-7) 

4.2.3.1. The Effect of Pure L-Carnosine on the Viability of MCF-7 Cells 

Based on the results shown in Graph 4.2.5A, it can be seen that a 24-hour treatment 

with different concentrations of L-carnosine exhibits antiproliferative activity against breast 

adenocarcinoma cells. A statistically significant decrease in the number of viable cells was 
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observed in all experimental groups when compared to the control group (F=4627146.1; p<0.05). 

Additionally, there is a significant difference in cell viability between the 2 mM L-carnosine group 

and the 5 mM and 10 mM L-carnosine groups. No statistically significant difference in viability 

was found between the 5 mM and 10 mM L-carnosine groups after 24 hours of treatment 

(p>0.05). 

 

4.2.3.2. The Effect of Karnozin EXTRA® on the Viability of MCF-7 Cells 

The breast adenocarcinoma cell line showed exceptional sensitivity to treatment with 

Karnozin EXTRA® (Graph 4.2.5B). After a 24-hour incubation period, a statistically significant 

dose-dependent decrease in cell viability was observed when comparing the experimental values 

with the control group (F=4627146.1; p<0.05). A reduction in the number of viable adherent cells 

was noticeable even at a concentration of 2 mM of Karnozin EXTRA®. However, it should be 

emphasized that the most pronounced cytotoxic effect was seen in the 5 mM and 10 mM 

Karnozin EXTRA® groups, where the viability of cells was extremely low. 

 

4.2.3.3. The Effect of Now® L-Carnosine on the Viability of MCF-7 Cells 

Treatment of breast adenocarcinoma cells with different concentrations of Now® L-

carnosine resulted in a statistically significant reduction in viability compared to the control group 

(F=4627146.1; p<0.05) (Graph 4.2.5C). Additionally, a statistically significant difference in 

viability was observed when comparing the values between the experimental groups 

(F=4627146.1; p<0.05). 
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Graph 4.2.5. The Effect of A) pure L-carnosine, B) Karnozin EXTRA®, and C) Now® L-carnosine on 

the viability of breast adenocarcinoma cells. The tested cells were incubated with different 

concentrations of carnosine for 24 hours, and cell viability was assessed using the MTT test. The 

results are presented as the mean value ± SD. Viability is expressed as a percentage relative to 

untreated cells. *p<0.05 

 

 

 4.2.3.4. The Effect of a 2 mM Carnosine Concentration from the Tested Preparations on the Viability of 

MCF-7 Cells 

Compared to untreated cells, treatment with L-carnosine as well as the preparations 

Karnozin EXTRA® and Now® L-carnosine at a 2 mM carnosine concentration caused a statistically 

significant decrease in the viability of MCF-7 cells (F=4627146.1; p<0.05) (Graph 4.2.6A). 

Additionally, a statistically significant difference in antiproliferative effect was also observed 

when comparing values among the experimental groups (F=4627146.1; p<0.05). The most 

pronounced decrease in viability was observed in the 2 mM Karnozin EXTRA® group. 

 

 4.2.3.5. The Effect of a 5 mM Carnosine Concentration from the Tested Preparations on the Viability of 

MCF-7 Cells 

After a 24-hour treatment of breast adenocarcinoma cells with pure L-carnosine as well 

as the preparations Karnozin EXTRA® and Now® L-carnosine at a 5 mM carnosine concentration, 

cell viability was measured using the MTT test (Graph 4.2.6B). A statistically significant difference 

was recorded when comparing the viability of experimental groups to the control group 

(F=4627146.1; p<0.05). Additionally, the percentage values of cell viability differed significantly 

among the experimental groups of the tested preparations (F=4627146.1; p<0.05). The most 

pronounced cytotoxic effect was achieved after treatment with Karnozin EXTRA®, while the 

percentage values of breast adenocarcinoma cell viability in the L-carnosine and Now® L-

carnosine groups were significantly higher. 
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 4.2.3.6. The Effect of a 10 mM Carnosine Concentration from the Tested Preparations on the Viability of 

MCF-7 Cells 

Graph 4.2.6C shows the effect of the tested preparations at a 10 mM carnosine 

concentration during 24 hours of treatment on the viability of breast adenocarcinoma cells. A 

statistically significant difference was found when comparing values between the control and all 

experimental groups, as well as among the experimental groups after the treatment 

(F=4627146.1; p<0.05). Treatment with Karnozin EXTRA® caused a drastic decrease in the 

viability of MCF-7 cells compared to the other groups. 

 

Graph 4.2.6. The effect of pure L-carnosine, Karnozin EXTRA®, and Now® L-carnosine on the 

viability of breast adenocarcinoma cells after 24 hours of treatment with a carnosine 

concentration of A) 2 mM, B) 5 mM, and C) 10 mM. Cell viability was assessed using the MTT test. 

The results are presented as mean value ± SD. Viability is expressed as a percentage relative to 

untreated cells. *p<0.05 

 

4.2.4. Human Glioblastoma Cells (U87) 

4.2.4.1. The Effect of Pure L-Carnosine on the Viability of U87 Cells 

To determine the potential cytotoxic effect of pure L-carnosine on human glioblastoma 

cells, the viability of U87 cells was assessed after 24 hours of treatment using the MTT test. It 

was found that L-carnosine at concentrations of 2 mM and above led to a statistically significant 

dose-dependent decrease in viability compared to the control group (F=706365.96; p<0.05) 

(Graph 4.2.7A). A statistically significant difference was also observed when comparing the 

values between all three experimental groups (F=706365.96; p<0.05). 
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4.2.4.2. The Effect of Karnozin EXTRA® on the Viability of U87 Cells 

Following analysis of the results from the MTT test conducted on the human 

glioblastoma cell line after treatment with various concentrations of Karnozin EXTRA® over 24 

hours, a statistically significant decrease in cell viability was observed compared to the control 

group (F=706365.96; p<0.05) (Graph 4.2.7B). A statistically significant reduction was also found 

when comparing the percentage values of viable cells between the experimental groups 

(F=706365.96; p<0.05). Specifically, the viability values in the 2 mM and 5 mM Karnozin EXTRA® 

groups showed a cytotoxic effect. However, it should be noted that at a concentration of 10 mM, 

cell viability was drastically low compared to the other experimental groups. 

 

4.2.4.3. The Effect of Now® L-Carnosine on the Viability of U87 Cells 

Graph 4.2.7C presents the results of the MTT test conducted after 24 hours of treatment 

of human glioblastoma cells with various concentrations of Now® L-carnosine. In the 2 mM Now® 

L-carnosine group, a high percentage of viable cells was observed, suggesting that this 

concentration does not exert a cytotoxic effect on the tested cells. On the other hand, when 

comparing the viability values of cells in the 5 mM and 10 mM Now® L-carnosine groups, a 

statistically significant difference was found both between these groups and compared to the 

control group (F=706365.96; p<0.05). A significant difference in cell viability was also evident 

when comparing the 2 mM group with the 5 mM and 10 mM Now® L-carnosine groups. 

 
 

 
 

Graph 4.2.7. The effect of A) pure L-carnosine, B) Karnozin EXTRA®, and C) Now® L-carnosine on 

the viability of human glioblastoma cells. The tested cells were incubated with different 
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concentrations of carnosine for 24 hours, and cell viability was assessed using the MTT test. The 

results are presented as mean value ± SD. Viability is expressed as a percentage relative to 

untreated cells. *p<0.05 

 
 

4.2.4.4. The Effect of a 2 mM Carnosine Concentration from the Tested Preparations on the Viability of U87 

Cells 

After 24 hours of treatment of U87 cells with pure L-carnosine, as well as the tested 

preparations Karnozin EXTRA® and Now® L-carnosine at a concentration of 2 mM carnosine, the 

percentage of viable cells was determined using the MTT test (Graph 4.2.8A). In the 2 mM L-

carnosine and 2 mM Karnozin EXTRA® groups, an antiproliferative effect was observed, along 

with a statistically significant difference in the percentage of viable cells compared to the control 

group (F=706365.96; p<0.05). On the other hand, treatment with Now® L-carnosine at this 

concentration was considered non-toxic. A statistically significant difference was observed when 

comparing the percentage of viable cells among the experimental groups. The most pronounced 

effect on reducing glioblastoma cell viability was present in the 2 mM Karnozin EXTRA® group. 

 

4.2.4.5. The Effect of a 5 mM Carnosine Concentration from the Tested Preparations on the Viability of U87 

Cells 

The effect of pure L-carnosine, as well as the preparations Karnozin EXTRA® and Now® 

L-carnosine at a concentration of 5 mM carnosine over a 24-hour period on the viability of 

glioblastoma cells, is presented in Graph 4.2.8B. Analysis of the percentage of viable cells in the 

control group compared to the experimental groups, as well as a comparison among the 

experimental groups, revealed a statistically significant difference (F=706365.96; p<0.05). The 

lowest viability was observed in the 5 mM Karnozin EXTRA® group. 

 

4.2.4.6. The Effect of a 10 mM Carnosine Concentration from the Tested Preparations on the Viability of U87 

Cells 

Using the MTT test to investigate the cytotoxic effect of L-carnosine and the 

preparations Karnozin EXTRA® and Now® L-carnosine at a concentration of 10 mM carnosine, a 
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change in the percentage of viable cells was observed in all three experimental groups compared 

to the control group (p<0.05) (Graph 4.2.8C). When comparing the percentage of viable cells in 

the 10 mM L-carnosine and 10 mM Now® L-carnosine groups with the 10 mM Karnozin EXTRA® 

group, a statistically significant difference was also evident. Specifically, the most pronounced 

cytotoxic effect was present in the 10 mM Karnozin EXTRA® group. 

 

 
Graph 4.2.8. The effect of A) pure L-carnosine, B) Karnozin EXTRA®, and C) Now® L-carnosine on 

the viability of human glioblastoma cells after 24 hours of treatment with a carnosine 

concentration of A) 2 mM, B) 5 mM, and C) 10 mM. Cell viability was assessed using the MTT test. 

The results are presented as mean value ± SD. Viability is expressed as a percentage relative to 

untreated cells. *p<0.05 
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 4.3. Inhibitory Potential of the Tested Preparations on the Migratory 
Ability of Tumor Cells ς In Vitro "Scratch" Assay 

Using the "scratch" assay, by analyzing microphotographs and performing statistical 

analysis, the effect of pure L-carnosine, Karnozin EXTRA®, and Now® L-carnosine at different 

concentrations on the migratory ability of breast adenocarcinoma and human glioblastoma cells 

was examined. In the microphotographs, a yellow-marked line separates the area of empty space 

and adherent cells in the monolayer at 0 hours and 24 hours after treatment. 

 

4.3.1. Breast Adenocarcinoma Cells (MCF-7) 

Analyzing the migratory ability of MCF-7 cells and comparing the values of the empty 

space immediately after the defect was made in the monolayer (0 h - 100%) and 24 hours later 

(Figure 4.3.1), weak migratory ability of this cell line was established, which is consistent with the 

literature (282, 283, 284). 

 

 
 
Figure 4.3.1. Migratory ability of MCF-7 cells in the untreated group at 0 h and after 24 h. Native 

breast adenocarcinoma cells were photographed under a light microscope (400x magnification, 

scale 100 µm). 

 
 4.3.2. Human Glioblastoma Cells (U87) 

The results of the effect of the tested preparations on the migratory ability of U87 cells 

are graphically presented (Graphs 4.3.1 and 4.3.2). Untreated human glioblastoma cells almost 

completely filled the induced defect after 24 hours (25.84±0.240% of the initial defect value). On 
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the other hand, cells treated with the tested preparations showed a dose-dependent decrease 

in their ability to migrate. 

 

 4.3.2.1. The Effect of Pure L-Carnosine on the Migratory Ability of U87 Cells 

After treating U87 cells with different concentrations of pure L-carnosine, the ability of 

these cells to migrate was analyzed (Figure 4.3.2). A statistically significant dose-dependent 

decrease in the migratory ability of treated cells was observed when comparing the experimental 

groups with each other and with the control group (F=34191.257; p<0.05) (Graph 4.3.1A). The 

largest values of empty space were recorded in the 10 mM L-carnosine group, while the values 

in the other groups were slightly lower, with 5 mM L-carnosine at 66.74±0.135% and 2 mM L-

carnosine at 60.45±0.110% relative to the values measured at 0 h. 

 
 

 
 

Figure 4.3.2. Migratory ability of U87 cells after 24 h of treatment with L-carnosine. Native human 

glioblastoma cells were photographed under a light microscope (400x magnification, scale 100 

µm) A) and B) control group, C) and D) 2 mM L-carnosine, E) and F) 5 mM L-carnosine, G) and H) 

10 mM L-carnosine. 

 

4.3.2.2. The Effect of Karnozin EXTRA® on the Migratory Ability of U87 Cells 

Figure 4.3.3 shows the migratory ability of human glioblastoma cells after treatment 

with different concentrations of carnosine from Karnozin EXTRA®. A statistically significant 

increase in empty space was observed in all experimental groups compared to the control 

(F=34191.257; p<0.05) (Graph 4.3.1B). A dose-dependent increase in empty space, which was 
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statistically significant, was also evident when comparing the experimental groups with each 

other (F=34191.257; p<0.05). After treatment of U87 cells with a concentration of 2 mM 

carnosine from Karnozin EXTRA®, the empty space was 62.79±0.124% compared to the initial 

value at 0 h. In the case of treatment with 5 mM carnosine from Karnozin EXTRA®, the empty 

space was 81.72±0.214%. Due to the drastic reduction in the number of viable cells adhered to 

the surface of the flask in the 10 mM Karnozin EXTRA® group, the percentage value of the empty 

space was higher compared to the control and other experimental groups, amounting to 

103±0.111%. 

 
 

Figure 4.3.3. Migratory ability of U87 cells after 24 h of treatment with Karnozin EXTRA®. Native 

human glioblastoma cells were photographed under a light microscope (400x magnification, 

scale 100 µm) A) and B) control group, C) and D) 2 mM Karnozin EXTRA®, E) and F) 5 mM Karnozin 

EXTRA®, G) and H) 10 mM Karnozin EXTRA®. 

 

 4.3.2.3. The Effect of Now® L-Carnosine on the Migratory Ability of U87 Cells 

The migratory ability of human glioblastoma cells after treatment with different 

concentrations of carnosine from Now® L-carnosine is presented in Figure 4.3.4. Comparing the 

measured values of the empty space (induced defect) in the experimental groups with the 

control, a dose-dependent increase was observed, which was statistically significant 

(F=34191.257; p<0.05) (Graph 4.3.1C). A statistically significant difference was also evident when 

analyzing the values among the experimental groups (F=34191.257; p<0.05). The highest average 

value of empty space was observed in the 10 mM Now® L-carnosine group, amounting to 

68.77±0.192%. The empty space in the 5 mM Now® L-carnosine group was 64.51±0.393%, while 
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in the 2 mM Now® L-carnosine group, it was 57.76±0.081%. 

 

 
 

Figure 4.3.4. Migratory ability of U87 cells after 24 h of treatment with Now® L-carnosine. Native 

human glioblastoma cells were photographed under a light microscope (400x magnification, 

scale 100 µm) A) and B) control group, C) and D) 2 mM Now® L-carnosine, E) and F) 5 mM Now® 

L-carnosine, G) and H) 10 mM Now® L-carnosine. 

 
 

 
 

Graph 4.3.1. Quantitative analysis of the migratory ability of human glioblastoma cells after 

treatment with different concentrations of A) pure L-carnosine, B) Karnozin EXTRA®, and C) Now® 

L-carnosine. The average width of the induced defect is expressed as a percentage relative to the 

average width at 0 h, which was considered the control and set at 100%. Results are presented 

as mean ± SD. *p<0.05. 

 

4.3.2.4. The Effect of a 2 mM Carnosine Concentration from the Tested Preparations on the Migratory Ability 

of U87 Cells 

Graph 4.3.2A shows the effect of the tested preparations on the migratory ability of 

human glioblastoma cells after treatment with 2 mM carnosine. All three tested preparations 

showed an inhibitory effect on the migratory ability of U87 cells. A statistically significant 
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difference was found when comparing the experimental groups with the control (F=34191.257; 

p<0.05). A statistically significant difference was also observed when comparing the size of the 

induced defect between the 2 mM L-carnosine and 2 mM Now® L-carnosine groups. When 

treated with Karnozin EXTRA®, the empty space was the largest, amounting to 62% of the initial 

value measured at 0 h. 

 

 4.3.2.5. The Effect of a 5 mM Carnosine Concentration from the Tested Preparations on the Migratory 

Ability of U87 Cells 

The treatment of the U87 cell line with 5 mM carnosine from the tested preparations 

caused inhibition of the cell migration process, as shown in Graph 4.3.2B. A statistically significant 

difference was found when comparing the experimental groups with the control and when 

comparing the experimental groups with each other (F=34191.257; p<0.05). Based on the area 

of the induced defect, the most pronounced inhibition of cell migration was observed in the 5 

mM Karnozin EXTRA® group (81.72±0.214%). 

 

 4.3.2.6. The Effect of a 10 mM Carnosine Concentration from the Tested Preparations on the Migratory 

Ability of U87 Cells 

Pure L-carnosine, Karnozin EXTRA®, and Now® L-carnosine applied at a concentration of 

10 mM carnosine showed the ability to inhibit the migration of human glioblastoma cells (Graph 

4.3.2C). The measured value of the distance between cells, or the area of the empty space after 

treatment, was statistically significantly different compared to the untreated cell group 

(F=34191.257; p<0.05). A significant difference in migratory ability was also observed when 

comparing the experimental groups (F=34191.257; p<0.05). In the 10 mM Karnozin EXTRA® 

group, the treatment caused a drastic reduction in the number of viable cells adhered to the 

surface of the flask, resulting in the most pronounced inhibition of migratory ability 

(103.76±0.111%). 
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Graph 4.3.2. Quantitative analysis of the migratory ability of human glioblastoma cells after 

treatment with pure L-carnosine, as well as Karnozin EXTRA® and Now® L-carnosine at 

concentrations of A) 2 mM, B) 5 mM, and C) 10 mM carnosine. The average width of the induced 

defect is expressed as a percentage relative to the average width at 0 h, which was considered 

the control and set at 100%. Results are presented as mean ± SD. *p<0.05. 
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4.4. Effects of Tested Preparations on Vimentin Expression After 
Treatment of Continuous Cell Lines 

To analyze the effect of different concentrations of carnosine from the tested 

preparations on the expression of the vimentin marker in continuous cell lines, 

immunofluorescent staining was performed. The vimentin protein in representative 

microphotographs shows green fluorescence and is localized in the cytoplasm of the tested cells, 

while the nuclei are stained with DAPI and exhibit blue fluorescence. 

 

4.4.1. Hamster Kidney Cells (BHK-21/C-13) 

After immunofluorescent staining of healthy BHK-21/C-13 cells from the control group, 

vimentin expression was observed in the cytoplasm. Analyzing the microphotographs, it was 

noted that the filaments form a dense network. In some regions of the cells, thick fibers or even 

bundles are observed, which are formed by the grouping of a large number of filaments. After 

quantifying the results and calculating the total fluorescence intensity of the secondary antibody 

bound to the vimentin antigen in the control group of BHK-21/C-13 cells, the TCCF value was 

725639.2±161535.77. 

 

4.4.1.1. The Effect of Pure L-Carnosine on Vimentin Fluorescence Intensity in the Cytoplasm of BHK-21/C-13 

Cells 

After 24 hours of treatment of BHK-21/C-13 cells with different concentrations of pure 

L-carnosine, immunofluorescent staining was performed to determine the level of vimentin 

expression. In Figure 4.4.1, it can be seen that the fluorescence signal decreases with increasing 

concentrations of the tested substance. In all experimental groups, changes in the arrangement 

of the intermediate filament fibers were observed. Compared to the control group, the network 

of intertwined fibers was no longer as dense. The quantified results are graphically presented in 

Graph 4.4.1A to compare the measured total fluorescence intensity values among the groups. A 

statistically significant dose-dependent decrease in vimentin expression was found when 

comparing the experimental groups with the control (F=54.201; p<0.0001). Additionally, a 

statistically significant difference was observed when comparing the 2 mM L-carnosine group 
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with the 10 mM L-carnosine group within the experimental groups (p<0.0001). 

 

 
 
Figure 4.4.1. Representative microphotographs of BHK-21/C-13 cells labeled with 

immunofluorescent staining for vimentin (green signal) and nuclei labeled with DAPI (blue signal) 

after 24 hours of treatment with different concentrations of pure L-carnosine. Control group: A) 

DAPI, B) vimentin, and C) DAPI+vimentin; 2 mM L-carnosine: D) DAPI, E) vimentin, and F) 

DAPI+vimentin; 5 mM L-carnosine: G) DAPI, H) vimentin, and I) DAPI+vimentin; 10 mM L-

carnosine: J) DAPI, K) vimentin, and L) DAPI+vimentin. Photographs were taken at 400x 

magnification, scale 50 µm. 

 

4.4.1.2. The Effect of Karnozin EXTRA® on Vimentin Fluorescence Intensity in the Cytoplasm of BHK-21/C-13 

Cells 

Figure 4.4.2 shows the immunofluorescent staining of vimentin in control and 

experimental groups of BHK-21/C-13 cells after treatment with different concentrations of the 

tested preparation. There is a dose-dependent increase in the fluorescence signal intensity. As 

the concentration of the preparation in the cell medium increases after treatment, the shape of 

the cells changes, and consequently, the properties and structure of the intermediate filaments 

are altered. The bundling of fibers gives the appearance of individual thick fibers, and the 

appearance of the formed network differs from that of untreated cells. The described changes 
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are most pronounced in the 10 mM Karnozin EXTRA® group. The total fluorescence intensity 

(TCCF) values are also presented in Graph 4.4.1B. Statistical analysis of the data confirmed a 

significant increase in TCCF values with increasing concentrations of the tested preparation 

compared to the control group (F=54.201; p<0.0001). Differences in vimentin expression values 

were observed when comparing the 2 mM Karnozin EXTRA® group with the 10 mM Karnozin 

EXTRA® group (p<0.0001). 

 
 
Figure 4.4.2. Representative microphotographs of BHK-21/C-13 cells labeled with 

immunofluorescent staining for vimentin (green signal) and nuclei labeled with DAPI (blue signal) 

after 24 hours of treatment with different concentrations of carnosine from Karnozin EXTRA®. 

Control group: A) DAPI, B) vimentin, and C) DAPI+vimentin; 2 mM Karnozin EXTRA®: D) DAPI, E) 

vimentin, and F) DAPI+vimentin; 5 mM Karnozin EXTRA®: G) DAPI, H) vimentin, and I) 

DAPI+vimentin; 10 mM Karnozin EXTRA®: J) DAPI, K) vimentin, and L) DAPI+vimentin. 

Photographs were taken at 400x magnification, scale 50 µm. 

 

4.4.1.3. The Effect of Now® L-Carnosine on Vimentin Fluorescence Intensity in the Cytoplasm of BHK-21/C-13 
Cells 

The effects of Now® L-carnosine after application at different concentrations on BHK-

21/C-13 cells caused a decrease in the fluorescence intensity of the secondary antibody bound 

to the vimentin antigen (Figure 4.4.3). Observing the representative microphotographs, the 
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fibers of the vimentin intermediate filaments were seen to draw closer to each other, losing the 

characteristics of the mesh-like arrangement. 

 
Statistical analysis of the total fluorescence intensity values of vimentin in treated BHK-

21/C-13 cells revealed a statistically significant decrease compared to the control group 

(F=54.201; p<0.0001) (Graph 4.4.1C). 

 

   
 
Figure 4.4.3. Representative microphotographs of BHK-21/C-13 cells labeled with 

immunofluorescent staining for vimentin (green signal) and nuclei labeled with DAPI (blue signal) 

after 24 hours of treatment with different concentrations of carnosine from Now® L-carnosine. 

Control group: A) DAPI, B) vimentin, and C) DAPI+vimentin; 2 mM Now® L-carnosine: D) DAPI, E) 

vimentin, and F) DAPI+vimentin; 5 mM Now® L-carnosine: G) DAPI, H) vimentin, and I) 

DAPI+vimentin; 10 mM Now® L-carnosine: J) DAPI, K) vimentin, and L) DAPI+vimentin. 

Photographs were taken at 400x magnification, scale 50 µm. 
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Graph 4.4.1. The effect of A) pure L-carnosine, B) Karnozin EXTRA®, and C) Now® L-carnosine on 

vimentin expression in hamster kidney cells. The tested cells were incubated with different 

concentrations of carnosine for 24 hours. Results are presented as mean values±SD. *p<0.0001. 

 

4.4.1.4. The Effect of a 2 mM Carnosine Concentration from the Tested Preparations on Vimentin 

Fluorescence Intensity in the Cytoplasm of BHK-21/C-13 Cells 

After 24 hours of treatment of BHK-21/C-13 cells with the tested preparations at a 

concentration of 2 mM L-carnosine, the total fluorescence intensity values were analyzed (Graph 

4.4.2A). Statistically significant differences were observed when comparing all experimental 

groups with the control, as well as when comparing the 2 mM Karnozin EXTRA® group with the 

other experimental groups (F=54.201; p<0.0001). The highest intensity of vimentin expression 

was recorded in the 2 mM Karnozin EXTRA® group, while the values in the 2 mM Now® L-

carnosine and 2 mM L-carnosine groups were significantly lower than in the control. 

 

4.4.1.5. The Effect of a 5 mM Carnosine Concentration from the Tested Preparations on Vimentin 

Fluorescence Intensity in the Cytoplasm of BHK-21/C-13 Cells 

Graph 4.4.2B shows the quantified total fluorescence intensity values of vimentin in 

BHK-21/C-13 cells after treatment with pure L-carnosine, as well as Karnozin EXTRA® and Now® 

L-carnosine at a concentration of 5 mM carnosine in the growth medium. A drastic increase in 

measured values was recorded in the 5 mM Karnozin EXTRA® group, while in the 5 mM Now® L-

carnosine and 5 mM L-carnosine groups, a significant decrease in total fluorescence intensity was 

observed compared to the control group (F=54.201; p<0.0001). Significant differences were also 

observed when comparing the vimentin expression values of the experimental groups with each 

other (p<0.0001). 

 

4.4.1.6. The Effect of a 10 mM Carnosine Concentration from the Tested Preparations on Vimentin 

Fluorescence Intensity in the Cytoplasm of BHK-21/C-13 Cells 

Quantification and analysis of the measured total fluorescence intensity values of 

vimentin in BHK-21/C-13 cells after treatment with the tested preparations at a concentration of 
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10 mM carnosine revealed the presence of statistically significant differences when comparing 

the experimental groups with each other and with the control group (F=54.201; p<0.0001) 

(Graph 4.4.2C). In the 10 mM Karnozin EXTRA® group, the highest total fluorescence intensity of 

intermediate filaments was measured. In contrast, the 10 mM Now® L-carnosine and 10 mM L-

carnosine groups showed a significant decrease in TCCF compared to the control group. 

 

 
 
Graph 4.4.2. The effect of pure L-carnosine, Karnozin EXTRA®, and Now® L-carnosine on vimentin 

expression in hamster kidney cells after 24 hours of treatment with concentrations of A) 2 mM, 

B) 5 mM, and C) 10 mM carnosine. Results are presented as mean values±SD. *p<0.0001. 

 

4.4.2. Human Fetal Lung Fibroblasts (MRC-5) 

Vimentin expression was detected in untreated MRC-5 cells. Healthy human fetal lung 

fibroblasts showed extensive expression of the intermediate filament vimentin throughout the 

cytoplasm. The measured total fluorescence intensity value in this group of cells was 15.8±3.12. 

 

4.4.2.1. The Effect of Pure L-Carnosine on Vimentin Fluorescence Intensity in the Cytoplasm of MRC-5 Cells 

In the representative microphotographs (Figure 4.4.4), vimentin is present in the 

cytoplasm of MRC-5 cells treated with different concentrations of pure L-carnosine, but the 

fluorescence intensity decreases noticeably as the concentration of the tested substance 

increases. The most pronounced reduction in the signal was recorded in the 10 mM L-carnosine 

group. Graph 4.4.3A shows the quantified results of intermediate filament vimentin expression 

in the cytoplasm of MRC-5 cells after treatment. A statistically significant decrease in 

fluorescence intensity of stained cells after treatment compared to the control group was 

observed (F=6850.984; p<0.0001). 
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Figure 4.4.4. Representative microphotographs of MRC-5 cells labeled with immunofluorescent 

staining for vimentin (green signal) and nuclei labeled with DAPI (blue signal), after 24 hours of 

treatment with different concentrations of pure L-carnosine. Control group: A) DAPI, B) vimentin, 

and C) DAPI+vimentin; 2 mM L-carnosine: D) DAPI, E) vimentin, and F) DAPI+vimentin; 5 mM L-

carnosine: G) DAPI, H) vimentin, and I) DAPI+vimentin; 10 mM L-carnosine: J) DAPI, K) vimentin, 

and L) DAPI+vimentin. Photographs were taken at 400x magnification, scale 50 µm. 

 
 

4.4.2.2. The Effect of Karnozin EXTRA® on Vimentin Fluorescence Intensity in the Cytoplasm of MRC-5 Cells 

Analyzing the representative microphotographs of MRC-5 cells after treatment with different 

concentrations of Karnozin EXTRA®, it is evident that the fluorescence signal of the vimentin 

intermediate filament is significantly stronger compared to the untreated cell group (Figure 

4.4.5). Some cells, in addition to expressing vimentin throughout the cytoplasm, also contain 

small regions of intermediate filaments concentrated in the peripheral parts of the cells, directly 

adjacent to the cell membrane. These changes are more noticeable in the 5 mM and 10 mM 

Karnozin EXTRA® groups. 

 

The graphical representation of the fluorescence quantification in the experimental groups of 
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MRC-5 cells indicates a significant difference in the measured vimentin expression values 

compared to the control group (F=6850.984; p<0.0001) (Graph 4.4.3B). More pronounced dose-

dependent deviations in the measured TCCF values were observed in the 5 mM and 10 mM 

Karnozin EXTRA® groups compared to the 2 mM Karnozin EXTRA® group (p<0.0001). 

 

 
 
Figure 4.4.5. Representative microphotographs of MRC-5 cells labeled with immunofluorescent 

staining for vimentin (green signal) and nuclei labeled with DAPI (blue signal) after 24 hours of 

treatment with different concentrations of carnosine from Karnozin EXTRA®. Control group: A) 

DAPI, B) vimentin, and C) DAPI+vimentin; 2 mM Karnozin EXTRA®: D) DAPI, E) vimentin, and F) 

DAPI+vimentin; 5 mM Karnozin EXTRA®: G) DAPI, H) vimentin, and I) DAPI+vimentin; 10 mM 

Karnozin EXTRA®: J) DAPI, K) vimentin, and L) DAPI+vimentin. Photographs were taken at 400x 

magnification, scale 50 µm. 

 

4.4.2.3. The Effect of Now® L-Carnosine on Vimentin Fluorescence Intensity in the Cytoplasm of MRC-5 Cells 

Figure 4.4.6 shows the expression of the vimentin protein in immunofluorescently stained MRC-

5 cells after 24 hours of treatment with different concentrations of carnosine from Now® L-

carnosine. Based on the detected immunoreactivity, it can be observed that there is a visible 

dose-dependent decrease in the signal compared to the control group, along with changes in cell 

shape and the loss of characteristic vimentin network properties. 
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Figure 4.4.6. Representative microphotographs of MRC-5 cells labeled with immunofluorescent 

staining for vimentin (green signal) and nuclei labeled with DAPI (blue signal) after 24 hours of 

treatment with different concentrations of carnosine from Now® L-carnosine. Control group: A) 

DAPI, B) vimentin, and C) DAPI+vimentin; 2 mM Now® L-carnosine: D) DAPI, E) vimentin, and F) 

DAPI+vimentin; 5 mM Now® L-carnosine: G) DAPI, H) vimentin, and I) DAPI+vimentin; 10 mM 

Now® L-carnosine: J) DAPI, K) vimentin, and L) DAPI+vimentin. Photographs were taken at 400x 

magnification, scale 50 µm. 

 
Graph 4.4.3C presents the effects of the treatments on the total fluorescence intensity 

of the vimentin intermediate filament in the MRC-5 cell line. The expression values of the tested 

marker in the experimental groups differ significantly from the control group (F=6850.984; 

p<0.0001). After the treatments, a trend of decreasing measured TCCF values is observed 

compared to the untreated cell group. 
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Graph 4.4.3.The effect of A) pure L-carnosine, B) Karnozin EXTRA®, and C) Now® L-carnosine on 

vimentin expression in fetal lung fibroblast cells. The tested cells were incubated with different 

concentrations of carnosine for 24 hours. Results are presented as mean values±SD. *p<0.0001. 

 

4.4.2.4. The Effect of a 2 mM Carnosine Concentration from the Tested Preparations on Vimentin 

Fluorescence Intensity in the Cytoplasm of MRC-5 Cells 

The quantified results of the total fluorescence intensity of vimentin in stained MRC-5 

cells after treatment with the tested preparations at a concentration of 2 mM carnosine are 

shown in Graph 4.4.4A. Comparing the values of the treated groups with the control group, a 

statistically significant difference was observed (F=6850.984; p<0.0001). A reduction in protein 

expression of the tested marker was present in the 2 mM L-carnosine and 2 mM Now® L-

carnosine groups compared to the control values. In contrast, treatment with Karnozin EXTRA® 

at a concentration of 2 mM induced an increase in the measured values compared to the control 

and other experimental groups (p<0.0001). 

 

4.4.2.5. The Effect of a 5 mM Carnosine Concentration from the Tested Preparations on Vimentin 

Fluorescence Intensity in the Cytoplasm of MRC-5 Cells 

From Graph 4.4.4B, after quantifying the results of the total fluorescence intensity of vimentin 

in MRC-5 cells treated with a concentration of 5 mM carnosine from the tested preparations, the 

presence of a statistically significant difference compared to the control group is observed 

(F=6850.984; p<0.0001). The expression of the tested marker in the 5 mM L-carnosine group was 

similar to the measured value in the 5 mM Now® L-carnosine group, and no statistically significant 

difference was observed (p>0.05). However, in the 5 mM Karnozin EXTRA® group, a significant 

increase in total fluorescence values was recorded compared to the other groups (p<0.0001). 

 

4.4.2.6. The Effect of a 10 mM Carnosine Concentration from the Tested Preparations on Vimentin 

Fluorescence Intensity in the Cytoplasm of MRC-5 Cells 

Graph 4.4.4C shows the total fluorescence intensity values of vimentin in treated MRC-

5 cells at a concentration of 10 mM carnosine from the tested preparations. The results 

presented in this graph clearly indicate the presence of a statistically significant difference when 
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comparing the experimental groups with the control group (F=6850.984; p<0.0001). Additionally, 

a significant difference was observed when analyzing the values measured in the 10 mM Karnozin 

EXTRA® group compared to the other groups (p<0.0001). Specifically, the treatments with L-

carnosine and Now® L-carnosine significantly reduced the protein expression of vimentin. On the 

other hand, treatment with 10 mM carnosine from Karnozin EXTRA® induced a drastic increase 

in the expression of the tested marker. 

 
 

Graph 4.4.4. The effect of pure L-carnosine, Karnozin EXTRA®, and Now® L-carnosine on vimentin 

expression in fetal lung fibroblast cells after 24 hours of treatment at concentrations of A) 2 mM, 

B) 5 mM, and C) 10 mM carnosine. Results are presented as mean values±SD. *p<0.0001. 

 

 4.4.3. Breast Adenocarcinoma Cells (MCF-7) 

Using the Fiji computer program, an analysis and quantification of vimentin marker 

expression in breast adenocarcinoma cells were performed. In the cytoplasm of the tested cells, 

no positivity for the vimentin intermediate filament was detected, which is consistent with the 

literature (285). 

 

 

4.4.4. Human Glioblastoma Cells (U87) 

Using immunofluorescent staining with a specific Alexa Fluor® 488 antibody to detect 

vimentin protein in human glioblastoma cells, a low level of immunoreactivity was demonstrated. 

The measured value of the total fluorescence intensity of the tested protein in the untreated cell 

group was 1.9±0.69. In microphotographs of the control cell group, cytoplasmic localization of 

vimentin intermediate filaments can be clearly seen, with a slightly more pronounced signal 
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intensity in the perinuclear region. 

 

4.4.4.1. The Effect of Pure L-Carnosine on Vimentin Fluorescence Intensity in the Cytoplasm of U87 Cells 

Figure 4.4.7 shows the effect of different concentrations of L-carnosine from the Now® 

L-carnosine preparation on the immunoreactivity of cytoplasmic intermediate filaments in the 

tested cell line. There is a slight decrease in the immunofluorescence signal compared to the 

control group, without notable changes in the appearance, arrangement, or structure of the 

vimentin filaments. 

 

Quantification and statistical analysis of the results of immunofluorescent staining of 

U87 cells after treatment revealed that pure L-carnosine does not lead to a statistically significant 

reduction in TCCF values for vimentin compared to the untreated cell group (p>0.05) (Graph 

4.4.5A). Additionally, no significant differences were observed between the experimental groups 

(p>0.05). 

 
 
Figure 4.4.7. Representative microphotographs of U87 cells labeled with immunofluorescent 

staining for vimentin (green signal) and nuclei labeled with DAPI (blue signal) after 24 hours of 

treatment with different concentrations of pure L-carnosine. Control group: A) DAPI, B) vimentin, 

and C) DAPI+vimentin; 2 mM L-carnosine: D) DAPI, E) vimentin, and F) DAPI+vimentin; 5 mM L-
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carnosine: G) DAPI, H) vimentin, and I) DAPI+vimentin; 10 mM L-carnosine: J) DAPI, K) vimentin, 

and L) DAPI+vimentin. Photographs were taken at 400x magnification, scale 50 µm. 

 

 4.4.4.2. The Effect of Karnozin EXTRA® on Vimentin Fluorescence Intensity in the Cytoplasm of U87 Cells 

Representative microphotographs (Figure 4.4.8) of U87 cells immunofluorescently 

stained for vimentin after treatment indicate the presence of immunoreactivity in the 5 mM and 

10 mM Karnozin EXTRA® groups. The presence of vimentin intermediate filaments in the 

cytoplasm is characteristic of cells in all experimental groups, but the perinuclear signal intensity 

is more pronounced in the 5 mM and 10 mM Karnozin EXTRA® groups compared to the control. 

It is important to note that after treatment with a 10 mM carnosine concentration, morphological 

changes in the cells led to the fusion of individual filaments and the formation of bundles, giving 

the impression of a very strong signal. 

 

Graph 4.4.5B presents the quantified values of immunofluorescent staining for vimentin in U87 

cells after 24 hours of treatment. A significant difference in the measured expression values was 

observed when comparing the experimental groups (F=22.295; p<0.0001). The 2 mM Karnozin 

EXTRA® treatment did not show any effect (p>0.05), while cells in the 5 mM and 10 mM Karnozin 

EXTRA® groups had significantly higher values compared to the control group (p<0.0001). 
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Figure 4.4.8. Representative microphotographs of U87 cells labeled with immunofluorescent 

staining for vimentin (green signal) and nuclei labeled with DAPI (blue signal) after 24 hours of 

treatment with different concentrations of carnosine from Karnozin EXTRA®. Control group: A) 

DAPI, B) vimentin, and C) DAPI+vimentin; 2 mM Karnozin EXTRA®: D) DAPI, E) vimentin, and F) 

DAPI+vimentin; 5 mM Karnozin EXTRA®: G) DAPI, H) vimentin, and I) DAPI+vimentin; 10 mM 

Karnozin EXTRA®: J) DAPI, K) vimentin, and L) DAPI+vimentin. Photographs were taken at 400x 

magnification, scale 50 µm. 

 

 4.4.4.3. The Effect of Now® L-Carnosine on Vimentin Fluorescence Intensity in the Cytoplasm of U87 Cells 

Representative microphotographs of immunofluorescent staining for vimentin in U87 

cells treated with different concentrations of carnosine from Now® L-carnosine are shown in 

Figure 4.4.9. Based on the observed immunoreactivity in the cytoplasm of stained intermediate 

filaments in the 5 mM and 10 mM Now® L-carnosine groups, the formation of bundles by the 

merging of individual intermediate fibers and changes in the appearance of the formed network 

can be noted. 

 
 
Figure 4.4.9. Representative microphotographs of U87 cells labeled with immunofluorescent 

staining for vimentin (green signal) and nuclei labeled with DAPI (blue signal) after 24 hours of 

treatment with different concentrations of carnosine from Now® L-carnosine. Control group: A) 

DAPI, B) vimentin, and C) DAPI+vimentin; 2 mM Now® L-carnosine: D) DAPI, E) vimentin, and F) 
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DAPI+vimentin; 5 mM Now® L-carnosine: G) DAPI, H) vimentin, and I) DAPI+vimentin; 10 mM 

Now® L-carnosine: J) DAPI, K) vimentin, and L) DAPI+vimentin. Photographs were taken at 400x 

magnification, scale 50 µm. 

 
Quantification of the total fluorescence intensity values for the tested marker after 

incubation of U87 cells with different concentrations of carnosine from Now® L-carnosine, along 

with statistical data analysis, did not show significant differences in the measured values between 

groups (Graph 4.4.5C) (p>0.05). 

 

 
 
Graph 4.4.5. The effect of A) pure L-carnosine, B) Karnozin EXTRA®, and C) Now® L-carnosine on 

vimentin expression in human glioblastoma cells. The tested cells were incubated with different 

concentrations of carnosine for 24 hours. Results are presented as mean values±SD. *p<0.0001. 

 

4.4.4.4. The Effect of a 2 mM Carnosine Concentration from the Tested Preparations on Vimentin 

Fluorescence Intensity in the Cytoplasm of U87 Cells 

The effects of the treatments on vimentin expression in the cytoplasm of human 

glioblastoma cells are shown in Graph 4.4.6A. After the post-hoc Games Howell test for unequal 

variances, no statistically significant differences between the groups were found (p>0.05). 

 

4.4.4.5. The Effect of a 5 mM Carnosine Concentration from the Tested Preparations on Vimentin 

Fluorescence Intensity in the Cytoplasm of U87 Cells 

Graph 4.4.6B shows the effect of a 5 mM carnosine concentration from the tested 

preparations on vimentin fluorescence intensity in U87 cells. The measured TCCF values for 

vimentin in the 5 mM Karnozin EXTRA® group were significantly higher compared to the control 

and the 5 mM L-carnosine group (F=22.295; p<0.0001). On the other hand, treatments with pure 

L-carnosine and Now® L-carnosine did not cause significant differences compared to the 
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untreated cell group (p>0.05). 

 

 4.4.4.6. The Effect of a 10 mM Carnosine Concentration from the Tested Preparations on Vimentin 

Fluorescence Intensity in the Cytoplasm of U87 Cells 

The results of vimentin expression in U87 cells after 24 hours of incubation with 10 mM 

carnosine from the tested preparations are shown in Graph 4.4.6C. Analysis of the measured 

values shows that the treatment in the 10 mM Karnozin EXTRA® group caused an increase in 

TCCF for vimentin compared to the untreated cell group and the other experimental groups 

(F=22.295; p<0.0001). 

 

 
 
Graph 4.4.6. The effect of pure L-carnosine, Karnozin EXTRA®, and Now® L-carnosine on vimentin 

expression in human glioblastoma cells after 24 hours of treatment at concentrations of A) 2 mM, 

B) 5 mM, and C) 10 mM carnosine. Results are presented as mean values±SD. 
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4.5. Effects of the Tested Preparations on SOD2 Expression After 
Treatment of Continuous Cell Lines 
 
To analyze the effects of different concentrations of carnosine from the tested preparations on 

the expression of the SOD2 marker in continuous cell lines, immunofluorescent staining was 

conducted. The SOD2 protein shows red fluorescence in the representative microphotographs 

and is localized in the mitochondria of the tested cells, while the nuclei are stained with DAPI, 

showing blue fluorescence. 

 

4.5.1. Hamster Kidney Cells (BHK-21/C-13) 

 

4.5.1.1. The Effect of Pure L-Carnosine on SOD2 Fluorescence Intensity in the Mitochondria of BHK-21/C-

13 Cells 

The effects of different concentrations of pure L-carnosine on SOD2 expression in the 

mitochondria of BHK-21/C-13 cells are shown in Figure 4.5.1. By quantifying the measured TCCF 

values for SOD2 and performing statistical analysis of the results, a statistically significant 

difference was found when comparing the 10 mM L-carnosine group with the control and other 

experimental groups (Graph 4.5.1A) (F= 20.652; p<0.0001). Specifically, an increase in signal 

intensity for the tested marker was observed in this group. 
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Figure 4.5.1. Representative microphotographs of BHK-21/C-13 cells labeled with 

immunofluorescent staining for SOD2 (red signal) and nuclei stained with DAPI (blue signal) after 

24 hours of treatment with different concentrations of pure L-carnosine. Control group: A) DAPI, 

B) SOD2, and C) DAPI+SOD2; 2 mM L-carnosine: D) DAPI, E) SOD2, and F) DAPI+SOD2; 5 mM L-

carnosine: G) DAPI, H) SOD2, and I) DAPI+SOD2; 10 mM L-carnosine: J) DAPI, K) SOD2, and L) 

DAPI+SOD2. Photographs were taken at 400x magnification, scale 50 µm. 

 

4.5.1.2. The Effect of Karnozin EXTRA® on SOD2 Fluorescence Intensity in the Mitochondria of BHK-21/C-13 

Cells 

Figure 4.5.2 shows the immunofluorescent staining of the SOD2 marker in the control 

and experimental groups of BHK-21/C-13 cells after treatment with different concentrations of 

carnosine from the tested preparation. When comparing the quantified TCCF values, a 

statistically significant difference was observed after incubation with 5 and 10 mM 

concentrations of carnosine from Karnozin EXTRA® compared to the control and the 2 mM 

carnosine group (Graph 4.5.1B) (F= 20.652; p<0.0001). Furthermore, the representative 

microphotographs show that at 5 and 10 mM concentrations of carnosine from the tested 

preparation in the growth medium, SOD2 expression in the mitochondria is enhanced. 

 

 
 

Figure 4.5.2. Representative microphotographs of BHK-21/C-13 cells labeled with 

immunofluorescent staining for SOD2 (red signal) and nuclei stained with DAPI (blue signal) after 
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24 hours of treatment with different concentrations of carnosine from Karnozin EXTRA®. Control 

group: A) DAPI, B) SOD2, and C) DAPI+SOD2; 2 mM Karnozin EXTRA®: D) DAPI, E) SOD2, and F) 

DAPI+SOD2; 5 mM Karnozin EXTRA®: G) DAPI, H) SOD2, and I) DAPI+SOD2; 10 mM Karnozin 

EXTRA®: J) DAPI, K) SOD2, and L) DAPI+SOD2. Photographs were taken at 400x magnification, 

scale 50 µm. 

 

 4.5.1.3. The Effect of Now® L-Carnosine on SOD2 Fluorescence Intensity in the Mitochondria of BHK-21/C-13 

Cells 

Representative microphotographs of immunofluorescent staining for the SOD2 marker in BHK-

21/C-13 cells treated with different concentrations of carnosine from Now® L-carnosine are 

shown in Figure 4.5.3. Statistical analysis of the quantified TCCF values revealed a significant 

difference when comparing the cells treated with 5 and 10 mM carnosine from the tested 

preparation with the control group (Graph 4.5.1C) (F= 20.652; p<0.0001). Treatment of BHK-

21/C-13 cells with Now® L-carnosine at 5 and 10 mM concentrations led to a decrease in the 

immunoreactivity of the tested marker in the mitochondria. 

 

 
 
Figure 4.5.3. Representative microphotographs of BHK-21/C-13 cells labeled with 

immunofluorescent staining for SOD2 (red signal) and nuclei stained with DAPI (blue signal) after 

24 hours of treatment with different concentrations of carnosine from Now® L-carnosine. Control 
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group: A) DAPI, B) SOD2, and C) DAPI+SOD2; 2 mM Now® L-carnosine: D) DAPI, E) SOD2, and F) 

DAPI+SOD2; 5 mM Now® L-carnosine: G) DAPI, H) SOD2, and I) DAPI+SOD2; 10 mM Now® L-

carnosine: J) DAPI, K) SOD2, and L) DAPI+SOD2. Photographs were taken at 400x magnification, 

scale 50 µm. 

 

 
 

Graph 4.6.1. The effect of A) pure L-carnosine, B) Karnozin EXTRA®, and C) Now® L-carnosine on 

SOD2 expression in the mitochondria of hamster kidney cells. The tested cells were incubated 

with different concentrations of carnosine for 24 hours. Results are presented as mean values ± 

SD. *p<0.0001. 

 

 4.5.1.4. The Effect of a 2 mM Carnosine Concentration from the Tested Preparations on SOD2 Fluorescence 

Intensity in the Mitochondria of BHK-21/C-13 Cells 

Graph 4.5.2A shows the effect of a 2 mM carnosine concentration from the tested 

preparations on SOD2 fluorescence intensity in the mitochondria of BHK-21/C-13 cells. 

Treatment with Now® L-carnosine led to a statistically significant reduction in the measured TCCF 

values compared to the other experimental groups (F= 20.652; p<0.0001). 

 

 4.5.1.5. The Effect of a 5 mM Carnosine Concentration from the Tested Preparations on SOD2 Fluorescence 

Intensity in the Mitochondria of BHK-21/C-13 Cells 

After 24 hours of treatment of BHK-21/C-13 cells with a 5 mM concentration of 

carnosine from the tested preparations, the total fluorescence intensity values for the SOD2 

marker were analyzed (Graph 4.5.2B). A statistically significant difference in the measured values 

was observed when comparing the experimental groups and comparing cells treated with 

Karnozin EXTRA® and Now® L-carnosine to the control group (F= 20.652; p<0.0001). Treatment 

with Karnozin EXTRA® increased the expression of the tested marker, while treatment with Now® 

L-carnosine led to a reduction in the immunofluorescent signal compared to the other groups. 
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 4.5.1.6. The Effect of a 10 mM Carnosine Concentration from the Tested Preparations on SOD2 Fluorescence 

Intensity in the Mitochondria of BHK-21/C-13 Cells 

The effects of treatment with a 10 mM carnosine concentration from the tested 

preparations on SOD2 marker expression in the mitochondria of hamster kidney cells are shown 

in Graph 4.5.2C. Cells treated with pure L-carnosine and Karnozin EXTRA® showed a stronger 

signal intensity compared to the control group and the group treated with Now® L-carnosine (F= 

20.652; p<0.0001). In contrast, a significant decrease in TCCF values for SOD2 was observed in 

the 10 mM Now® L-carnosine group compared to the control and other experimental groups 

(p<0.0001). 

 

 
Graph 4.5.2. The effect of pure L-carnosine, Karnozin EXTRA®, and Now® L-carnosine on SOD2 

expression in the mitochondria of hamster kidney cells after 24 hours of treatment at 

concentrations of A) 2 mM, B) 5 mM, and C) 10 mM carnosine. Results are presented as mean 

values ± SD. *p<0.0001. 

 

 4.5.2. Human Fetal Lung Fibroblasts (MRC-5) 

 

4.5.2.1. The Effect of Pure L-Carnosine on SOD2 Fluorescence Intensity in the Mitochondria of MRC-5 Cells 

Figure 4.5.4 shows the effect of different concentrations of pure L-carnosine on SOD2 

marker immunoreactivity in the mitochondria of the tested cell line. Significant differences were 

observed when comparing the 10 mM L-carnosine group with the other groups (Graph 4.5.3A) 

(F= 15.234; p<0.0001). In this experimental group, the highest TCCF values for the SOD2 marker 

were measured. 
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Figure 4.5.4. Representative microphotographs of MRC-5 cells labeled with immunofluorescent 

staining for SOD2 (red signal) and nuclei stained with DAPI (blue signal) after 24 hours of 

treatment with different concentrations of pure L-carnosine. Control group: A) DAPI, B) SOD2, 

and C) DAPI+SOD2; 2 mM L-carnosine: D) DAPI, E) SOD2, and F) DAPI+SOD2; 5 mM L-carnosine: 

G) DAPI, H) SOD2, and I) DAPI+SOD2; 10 mM L-carnosine: J) DAPI, K) SOD2, and L) DAPI+SOD2. 

Photographs were taken at 400x magnification, scale 50 µm. 

 

 4.5.2.2. The Effect of Karnozin EXTRA® on SOD2 Fluorescence Intensity in the Mitochondria of MRC-5 Cells 

The representative microphotographs (Figure 4.5.5) show the immunoreactivity of the 

SOD2 marker in the mitochondria of human fetal lung fibroblast cells after treatment. The 

quantified TCCF results are presented in Graph 4.5.3B. A statistically significant difference was 

observed after treatment with all tested concentrations of carnosine from Karnozin EXTRA® 

compared to the control group, as well as when comparing the experimental groups (F= 15.234; 

p<0.0001). Treatment of cells with the highest concentration resulted in the most pronounced 

enhancement of the immunofluorescent signal. 
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Figure 4.5.5. Representative microphotographs of MRC-5 cells labeled with immunofluorescent 

staining for SOD2 (red signal) and nuclei stained with DAPI (blue signal) after 24 hours of 

treatment with different concentrations of carnosine from Karnozin EXTRA®. Control group: A) 

DAPI, B) SOD2, and C) DAPI+SOD2; 2 mM Karnozin EXTRA®: D) DAPI, E) SOD2, and F) DAPI+SOD2; 

5 mM Karnozin EXTRA®: G) DAPI, H) SOD2, and I) DAPI+SOD2; 10 mM Karnozin EXTRA®: J) DAPI, 

K) SOD2, and L) DAPI+SOD2. Photographs were taken at 400x magnification, scale 50 µm. 

 

 4.5.2.3. The Effect of Now® L-Carnosine on SOD2 Fluorescence Intensity in the Mitochondria of MRC-5 Cells 

Representative microphotographs of immunofluorescent staining for SOD2 in the 

mitochondria of human fetal lung fibroblast cells treated with different concentrations of 

carnosine from Now® L-carnosine are shown in Figure 4.5.6. In the 5 and 10 mM Now® L-

carnosine groups, an increase in the immunofluorescence intensity was observed, with a 

statistically significant difference when comparing the immunoreactivity with the control and the 

group treated with 2 mM carnosine (Graph 4.5.3C) (F= 15.234; p<0.0001). 



 

120 

Doctoral dissertation !ƭŜƪǎŀƴŘǊŀ tƻǇƻǾƛŏ 

 
 
Figure 4.5.6. Representative microphotographs of MRC-5 cells labeled with immunofluorescent 

staining for SOD2 (red signal) and nuclei stained with DAPI (blue signal) after 24 hours of 

treatment with different concentrations of carnosine from Now® L-carnosine. Control group: A) 

DAPI, B) SOD2, and C) DAPI+SOD2; 2 mM Now® L-carnosine: D) DAPI, E) SOD2, and F) DAPI+SOD2; 

5 mM Now® L-carnosine: G) DAPI, H) SOD2, and I) DAPI+SOD2; 10 mM Now® L-carnosine: J) DAPI, 

K) SOD2, and L) DAPI+SOD2. Photographs were taken at 400x magnification, scale 50 µm. 

 

 
 
Graph 4.5.3. The effect of A) pure L-carnosine, B) Karnozin EXTRA®, and C) Now® L-carnosine on 

SOD2 expression in the mitochondria of human fetal lung fibroblast cells. The tested cells were 

incubated with different concentrations of carnosine for 24 hours. Results are presented as mean 

values ± SD. *p<0.0001. 

 

4.5.2.4. The Effect of a 2 mM Carnosine Concentration from the Tested Preparations on SOD2 Fluorescence 

Intensity in the Mitochondria of MRC-5 Cells 

Graph 4.5.4A presents the results of immunofluorescent staining of MRC-5 cells for the SOD2 
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marker after treatment with a 2 mM concentration of carnosine from the tested preparations. 

Analysis of the measured values did not reveal any statistically significant difference between the 

groups (p>0.05). 

 

 4.5.2.5. The Effect of a 5 mM Carnosine Concentration from the Tested Preparations on SOD2 Fluorescence 

Intensity in the Mitochondria of MRC-5 Cells 

After post-hoc Games Howell testing for unequal variances, it was determined that there 

was no significant difference in the measured fluorescence intensity values for the tested marker 

after 24 hours of treatment of MRC-5 cells with a 5 mM concentration of carnosine from the 

tested preparations (Graph 4.5.4B) (p>0.05). 

 

4.5.2.6. The Effect of a 10 mM Carnosine Concentration from the Tested Preparations on SOD2 Fluorescence 

Intensity in the Mitochondria of MRC-5 Cells 

The effects of the treatment on SOD2 expression levels in the mitochondria of human 

fetal lung fibroblast cells are shown in Graph 4.5.4C. Analysis of the fluorescence intensity values 

and comparison between groups revealed a significant difference after treatment with the tested 

preparations due to the application of the 10 mM carnosine concentration (F= 15.234; p<0.0001). 

The lowest measured TCCF values for the tested marker were observed after treatment with pure 

L-carnosine, while the highest measured values were observed following treatment with Now® 

L-carnosine. 

 

 
 
Graph 4.5.4. The effect of pure L-carnosine, Karnozin EXTRA®, and Now® L-carnosine on SOD2 

expression in the mitochondria of human fetal lung fibroblast cells after 24 hours of treatment 
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with concentrations of A) 2 mM, B) 5 mM, and C) 10 mM carnosine. Results are presented as 

mean values ± SD. *p<0.05. 

 

4.5.3. Breast Adenocarcinoma Cells (MCF-7) 

 

 4.5.3.1. Effect of Pure L-Carnosine on SOD2 Fluorescence Intensity in the Mitochondria of MCF-7 Cells 

By analyzing representative microphotographs of MCF-7 cells after treatment with 

different concentrations of L-carnosine, it was observed that the fluorescence signal of SOD2 

was evidently weaker compared to the untreated group of cells (Figure 4.5.7). Graph 4.5.5A 

shows that the measured values of total fluorescence intensity for the tested marker in the 

experimental groups were statistically significantly lower than in the untreated cell group 

(F=51.804; p<0.0001). 

 
 
Figure 4.5.7. Representative microphotographs of MCF-7 cells labeled with immunofluorescent 

staining for SOD2 (red signal) and nuclei stained with DAPI (blue signal) after 24 hours of 

treatment with different concentrations of pure L-carnosine. Control group: A) DAPI, B) SOD2, 

and C) DAPI+SOD2; 2 mM L-carnosine: D) DAPI, E) SOD2, and F) DAPI+SOD2; 5 mM L-carnosine: 

G) DAPI, H) SOD2, and I) DAPI+SOD2; 10 mM L-carnosine: J) DAPI, K) SOD2, and L) DAPI+SOD2. 

Photographs were taken at 400x magnification, scale 50 µm. 
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4.5.3.2. Effect of Karnozin EXTRA® on SOD2 Fluorescence Intensity in the Mitochondria of MCF-7 Cells 

Figure 4.5.8 shows the expression of the SOD2 marker in immunofluorescently stained 

MCF-7 cells after 24 hours of treatment with different concentrations of carnosine from the 

Karnozin EXTRA® preparation. Quantification of the immunoreactivity in the mitochondria of 

cells for the tested marker, followed by post-hoc Games Howell testing, showed a statistically 

significant difference between the measured values of all experimental groups, which were 

lower than the control group (F=51.804; p<0.0001) (Graph 4.5.5B). 

 
 

Figure 4.5.8. Representative microphotographs of MCF-7 cells labeled with immunofluorescent 

staining for SOD2 (red signal) and nuclei stained with DAPI (blue signal) after 24 hours of 

treatment with different concentrations of carnosine from the Karnozin EXTRA® preparation. 

Control group: A) DAPI, B) SOD2, and C) DAPI+SOD2; 2 mM Karnozin EXTRA®: D) DAPI, E) SOD2, 

and F) DAPI+SOD2; 5 mM Karnozin EXTRA®: G) DAPI, H) SOD2, and I) DAPI+SOD2; 10 mM Karnozin 

EXTRA®: J) DAPI, K) SOD2, and L) DAPI+SOD2. Photographs were taken at 400x magnification, 

scale 50 µm. 

 

 4.5.3.3. Effect of Now® L-Carnosine on SOD2 Fluorescence Intensity in the Mitochondria of MCF-7 Cells 

After a 24-hour treatment of MCF-7 cells with different concentrations of carnosine 

from the Now® L-carnosine preparation, immunofluorescent staining was performed to 
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determine the level of SOD2 expression in the mitochondria of this cell line (Figure 4.5.9). The 

presence of different concentrations of carnosine in the cell growth medium contributed to a 

reduction in the immunoreactivity intensity in all experimental groups compared to the control 

group (F=51.804; p<0.0001) (Graph 4.5.5C). 

 
 
Figure 4.5.9. Representative microphotographs of MCF-7 cells labeled with immunofluorescent 

staining for SOD2 (red signal) and nuclei stained with DAPI (blue signal) after 24 hours of 

treatment with different concentrations of carnosine from the Now® L-carnosine preparation. 

Control group: A) DAPI, B) SOD2, and C) DAPI+SOD2; 2 mM Now® L-carnosine: D) DAPI, E) SOD2, 

and F) DAPI+SOD2; 5 mM Now® L-carnosine: G) DAPI, H) SOD2, and I) DAPI+SOD2; 10 mM Now® 

L-carnosine: J) DAPI, K) SOD2, and L) DAPI+SOD2. Photographs were taken at 400x magnification, 

scale 50 µm. 

 
 

 
 
Graph 4.5.5. The effect of A) pure L-carnosine, B) Karnozin EXTRA®, and C) Now® L-carnosine on 
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SOD2 expression in the mitochondria of human breast adenocarcinoma cells. The tested cells 

were incubated with different concentrations of carnosine for 24 hours. Results are presented as 

mean values ± SD. *p<0.0001. 

 

4.5.3.4. Effect of 2 mM Carnosine from the Tested Preparations on SOD2 Fluorescence Intensity in the 

Mitochondria of MCF-7 Cells 

Graph 4.5.6A presents the results of the effect of 2 mM carnosine from the tested 

preparations on SOD2 expression in the mitochondria of MCF-7 cells. The treatment caused a 

statistically significant reduction in TCCF values in all experimental groups compared to the values 

measured in untreated cells (F=51.804; p<0.0001). A more significant reduction in the expression 

of the tested marker was present in the groups of cells treated with L-carnosine and Now® L-

carnosine compared to the group treated with carnosine from Karnozin EXTRA®. 

 

 4.5.3.5. Effect of 5 mM Carnosine from the Tested Preparations on SOD2 Fluorescence Intensity in the 

Mitochondria of MCF-7 Cells 

Analyzing the quantified values of immunoreactivity for the SOD2 marker in the 

mitochondria of MCF-7 cells after treatment with 5 mM carnosine from the tested preparations 

revealed that TCCF was significantly lower in all experimental groups compared to the untreated 

group of cells (F=51.804; p<0.0001) (Graph 4.5.6B). In the groups of cells treated with pure L-

carnosine and carnosine from the Now® L-carnosine preparation, statistically significantly lower 

TCCF values were observed compared to the group of cells treated with Karnozin EXTRA® 

(p<0.0001). 

 

4.5.3.6. Effect of 10 mM Carnosine from the Tested Preparations on SOD2 Fluorescence Intensity in the 

Mitochondria of MCF-7 Cells 

Graph 4.5.6C shows that the treatment with 10 mM carnosine from the tested 

preparations caused a statistically significant reduction in TCCF values for the SOD2 marker in all 

experimental groups compared to the control group (F=51.804; p<0.0001). Additionally, a 

significant difference in measured fluorescence intensity values was present when comparing 

the group of cells treated with Karnozin EXTRA® to the other experimental groups (p<0.0001). 
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Treatment with pure L-carnosine and Now® L-carnosine resulted in a more pronounced reduction 

in immunoreactivity compared to the control group and the 10 mM Karnozin EXTRA® group. 

 

 
Graph 4.5.6. The effect of pure L-carnosine, Karnozin EXTRA®, and Now® L-carnosine on SOD2 

expression in the mitochondria of human breast adenocarcinoma cells after 24 hours of 

treatment with concentrations of A) 2 mM, B) 5 mM, and C) 10 mM carnosine. Results are 

presented as mean values ± SD. *p<0.0001. 
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4.5.4. Human Glioblastoma Cells (U87) 

 

4.5.4.1. The Effect of Pure L-Carnosine on SOD2 Marker Fluorescence Intensity in U87 Cell Mitochondria  

After 24 hours of treating U87 cells with different concentrations of pure L-carnosine, 

immunofluorescent staining was performed to determine the level of SOD2 marker expression 

(Figure 4.5.10). From Graph 4.5.7A, it can be observed that the measured TCCF values for the 

examined marker show a dose-dependent increase; however, no statistically significant 

difference between the groups was found (p>0.05). 

 

 
 
Figure 4.5.10. Representative microphotographs of U87 cells stained with immunofluorescent 

labeling for SOD2 (red signal) and nuclei stained with DAPI (blue signal), after 24 hours of 

treatment with different concentrations of pure L-carnosine. Control group: A) DAPI, B) vimentin, 

and C) DAPI+vimentin; 2 mM L-carnosine: D) DAPI, E) vimentin, and F) DAPI+vimentin; 5 mM L-

carnosine: G) DAPI, H) vimentin, and I) DAPI+vimentin; 10 mM L-carnosine: J) DAPI, K) vimentin, 

and L) DAPI+vimentin. Photographs were taken at 400x magnification, scale 50 µm. 

 

4.5.4.2. The Effect of Karnozin EXTRA® on SOD2 Marker Fluorescence Intensity in U87 Cell Mitochondria 

The effects of the treatment on the expression levels of SOD2 in the mitochondria of 

human glioblastoma cells are shown in Graph 4.5.7B. Analysis of the microphotographs (Figure 
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4.5.11) and quantification of the results suggest a dose-dependent increase in fluorescence 

intensity. However, statistical analysis using the posthoc Games Howell test for unequal 

variances showed no significant difference in the measured values (p>0.05). 

 
 
Figure 4.5.11. Representative microphotographs of U87 cells stained with immunofluorescent 

labeling for SOD2 (red signal) and nuclei stained with DAPI (blue signal), after 24 hours of 

treatment with different concentrations of carnosine from Karnozin EXTRA®. Control group: A) 

DAPI, B) vimentin, and C) DAPI+vimentin; 2 mM Karnozin EXTRA®: D) DAPI, E) vimentin, and F) 

DAPI+vimentin; 5 mM Karnozin EXTRA®: G) DAPI, H) vimentin, and I) DAPI+vimentin; 10 mM 

Karnozin EXTRA®: J) DAPI, K) vimentin, and L) DAPI+vimentin. Photographs were taken at 400x 

magnification, scale 50 µm. 

 

4.5.4.3. The Effect of Now® L-Carnosine on SOD2 Marker Fluorescence Intensity in U87 Cell Mitochondria   

Analyzing the representative microphotographs of U87 cells treated with different 

concentrations of Now® L-carnosine, it can be observed that the SOD2 fluorescence signal in the 

mitochondria is more pronounced compared to the untreated group of cells (Figure 4.5.12). 

Using the posthoc Games Howell test for unequal variances, no statistically significant difference 

between the groups was found (p>0.05) (Graph 4.5.7C). 
























































































































































