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Introduction: The process of carcinogenesis may be developed in any ce
tissue or organ, which consequently causes a series of pathological char
resultingin different cancersMitochondrialdysfunctionor defectscouldbe

a potential cause of tumour changes, which has encouraged numerous
researchers to focus their field of interest on examining pla¢hogenesis
and role of mitochondria in the development of varidusnours. Carnosine
0 4 alanyH-histidine) is a natural dipeptide present in many tissues such g
muscles, lungs, eyes, brain, kidneys and liver. In addition to thekweldiin
numerousroles,there arealsoan antioxidantandantitumour potential of L-
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carnosine, which areeflected on several levels of action. These functions
L-carnosinehavebeen investigate@n numerouscontinuouscelllinesas
well as on animal models.

The aim This thesis was designed to determine the antitumour potential
the pure substance._-carnosineaswell asthe supplementKarnozinEXTRA
and NowPL-carnosinein vitroon continuous tumour cell lines of human
breast adenocarcinoma (M&H, and human glioblastoma (U87), analyzing
the effects on morphologicdkatures, proliferativecapacity, vimentin (VIM),
and superoxide dismutase (SOD2) protein expression, migratdity ahs
well as the effect on their bioenergetic profile. To understand the possible
effects of these formulations, the entire concept of the stwdsre carried
out on the healthy hamster kidney cell line (BRIKC-13), and on human
fetal lung fibroblascells (MR&).

Material and methods:The evaluation of antitumour potential was
conductedbyanalyzinganumber ofpossiblelevelson whichcarnosine
exerts its action. Morphological changes were analyzed after standard
staining of tumor and healthy celgith hematoxylin and eosin, and by usin
phase contrast. The proliferative capacity was analyzed using the MTT t¢
The migratoryability of the treated cells was monitored Bgcratch" assay.
Using immunofluorescergtainingof cellswith anti-VIMandanti-SOD2
antibodies, the total fluorescence intensity was determined. In the last p3
of the experimental study we analyzed the "intact cells" respiration,
digitonin concentration required for cell membrane permeabilization, and
activities of mitochondal respiratory complexes.

Results:Application of the pure substance ofhrnosine, and the Karnozin
EXTRPand NowL-carnosine resulted in changes in morphological
characteristics in terms of shape and size. Inhibition of the proliferative
capacity oboth tumour cell lines and migration of U87 cells were also
presented. The effect on the VIM expression in the cytoplasm of U87 cel
after treatmentwith the KarnozinEXTRRwasevident (p<0.0001)yhilethe
application of the pure substance and the Ntiacarnosine had no effect.
Analysis of the oxidative (SOD2) marker level revealed that the treatmen
caused a decrease in the MCEells (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 thimhibition of energyproduction

by acting on the components of the mitochondrial respiratory chain.
Regarding the effect on healthy cells, the treatment with the pure substar
of L- carnosine, and NoftL-carnosire did not change the morphology and
proliferative capacity, while the Karnozin EXT&aised the opposite
effects on the MRG cell line. Treatment with Karnozin EXTRA to an
increasdn the expression o¥/IMat all concentrationgp<0.0001)aswell as
an increase in the SOD2 expression at the carnosine concentrations of 5
10 mM in both healthy cell lines (p<0.0001). Treatment with Riow
carnosine in BHR1/G13 cells decreased, while in MBCells increased
SOD2xpressiongp<0.001)Treatmentscarriedout at concentrationsof 2




and5 mM of carnosinded toan increase in energyroduction by
stimulating the activity of the mitochondrial respiratory chain complex as
well as the maximum capacity of the electron trangpsystem in BHR1/CG
13 cells (p<0.0001), whitbe concentration of 10 mM carnosine exhibited
inhibitory effects (p<0.0001). Incubation of MBCells with the pure
substance Lcarnosine as well as the preparation Nthacarnosine at all
tested concentrations led to the inhibition of the activity of complex | of th
mitochondrialrespiratorychain witha consequent decreasia the valueof
the maximum capacity of the electron transport system, while the
application of he preparation KarnozikEXTRBcausedhe inhibition of
energyproduction by acting on all levels of the mitochondrial respiratory
chain (p<0.001).

ConclusionThe antitumour potential and cytotoxic effects of the testedL
carnosine formulations on contirmws tumour cell lines were proven throug
the its action on several cellular levels. However, the exact molecular
mechanism is still unraveled. The results presented in this thesis on tum
andhealthycell linesindicatefor further in vivoandclinicalstudies,all forthe
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 Malignafiimours

The process of carcinogenesis can occur in any cell, tissuargan, 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 deamong 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 certainthey have a substardl 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 primargmour to invade surrounding or distant tissues, represent
the main mechanisms that able the progression of this diseagédure 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).

A)

Cancer cells

Normal cells

® Tumour cells

Basement membrane
Extracellular matrix
« Endothelial cells

Wi Blood vessel
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Figure 1.1.1Schematic representation &) cell proliferation and B) migration of malignant

cells. BM¢ basement membrane, ECilextracellular matrix Adapted andmodified from
Novikov NM, Zolotaryova SY, Gautreau AM, Denisov EV. Mutational drivers of cancer cell
migration and invasion. Br J Cancer. 2021;24(1}102 and from the website
https://www.cancerresearchuk.org/abouitancer/whatis-cancer/howcancersgrow

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 secondastastatic changesFgure
1.1.18 (57). Among the most significant mechanisms are: the loss of key epithelial markers
such as feadherin, and the consequent disruption of intercellular connections as a result of
either a reduction or inactivation of thexpression of the gene for this protein; altered
expression of integrin proteins, which destabilizes -o&krix interactions; stimulated
production of enzymes involved in ECM degradation, such as metalloproteases, which facilitate
amoeboid migration of mignant cells through the ECM; and dysregulation of actin
polymerization and contractility dynamics-{8), which contribute to changes in cell shape,

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

In addiion 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 vaseulatu
(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 witlhmour initiation, malignant
progression, and poor prognosis (15).

Hypoxic conditions within theumour centre trigger and conditiorsignallingevents
that stimulate the process of angiogenesis, resulting in the migration and proliferation of
endothelial cells, all aimed at better vascularization (16, 17).sldmallingevents associated

with the hypoxictumour centre are initiated by the stabitation of hypoxianducible 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 initiatesignallingpathways 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. Characteristgof Energy Metabolism in Healthy andmaur 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 Kogble 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, carbhydrates, 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 anzhliied 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 ofidchemical 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 produces386émolecules of ATP from eaclugpse
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 negii(Figure 1.2.) (23).

The TCA cycle can be divided into two phases: 1) decarboxylation, in which citrate (a
compound with 6 carbon atoms) is converted into suce@gA (a compound with four carbon
atoms), releasing two carbon atoms, and 2) reductwhich 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 andnodifiedfrom the website https://hr.weblogographic.com/whys-
citric-acid-cyclecalled cycle

The oxidative pathways of fatty acids, glucose, amino acids, and ketone bodies
generate a compound known as acetglenzyme A (acetyoA). On the other hand,
oxaloacetate is a compound that is produced at the end oheBCA 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
i -oxidation. The TCA cycle beginghwthe condensation reaction of these two compounds,
acetylCoA 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 inthe mitochondria, where it is further processed The enzyme aconitase converts
OAGNIGS AyiG2 Aa20AGNI GS éketqulitdratetrépesedLthe BSINE A 2 Y
oxidative decarboxylation reaction of the TCA cydatalysedby the enzyme iscitrate

RS K& RNER 3 S yketaglbtdratet déHydrogenase compleatalysesi KS O2 Yy OSNEA 2 Y
ketoglutarate into succinyCoA and CO2 (26). Then, the enzyme sucCiofl synthetase
facilitates the conversion of succir@bA into succinate, producing G3@PATP 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 campll (27). The next reaction

involves the enzyme fumarase, whichtalyseghe 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 andes 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 ac€&€gh, which is a productf gyruvate
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 (OS), 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 ggawsponsible 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 mulihzymecomplexes and two mobile carriers

dispersed along the inner mitochondrial membrane.

The mitochondrial respiratory chain complexes, or ETS (Electron Transport System),
include: Complex | (C 1), known as NATH{) oxidoreductase; Complex Il (C II), or satein
dehydrogenase; Complex Il (C 1), also known as cytochrome c reductase; and Complex IV (C
IV), known as cytochrome c¢ oxidageégire 1.2.2 (3436). These complexes facilitate the
transfer of electrons from reduced equivalents to molecwaaygen, 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 coen@fteoQ), 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 membralfigre 1.2.2 (38, 39). It is
important to highlight that if the integrity of He 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 ancgradative enzymes in the cytosol, which together act as

triggers for the onset of apoptosis (40)
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Figure 1.2.2lllustration of the complexes and mobile carriers of the electron transport
system located on the innenitochondrial membraneAdapted and rodified from the
website https://orbitbiotech.com/electroAransportchaing-cyclecomplexiicomplexi-iron-
sulfur proteinscoenzymey/

Figure 1.2.3presents a schematic representation of the oxidative phosphorylation

system on the inner membrane of mitochondria in mammalian cells. Complexes | and Il link

YSilto62t A0 2EARFGAZ2Y Ay (KS -oxidatiod) @it theg'rBoNGkidnt Y I G N

of CoQ. Reduced CoQ reoxidizes Complex Ill, which transfers electrons via cyt ¢ 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 agsdawith 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, lll, and V) are referred to as
the "coupling sites" of the respiratory chain (41heTcreation 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 transporstgyn (ETS) on the inner
membrane of mitochondria in mammalian cells, there are four enzyoneplexegC HV),two
intermediary substratescoenzyme&)andcytochrome @andATP gnthasewhichis responsible
for generatingATP.

Taken and modified fronthe website https:/flexbooks.ck12.org/cbook/ck2-biology
flexbook 2.0/section/2.28/primary/lesson/electrotransportbio/

In a steady state, mitochondria undergoing respiration maintain a transmembrane
electrochemical gradient of approximately 220 mV. The proton motive force can be expressed
FaY pLIT p. b O6HPOoWECKCONLI I GKSNB p-.eredcd (GKS
across the membrane, with negative signs representing values prevailing in the mitochondrial
cytoplasmic matrix. R is the gas constant, and F is the Faraday conEt@nmembrane
potential is positive on the outside, while the pH valuelasver 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/
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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 acceptancd&.he electron transport system (ETS) contains flavins;Suphur
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 flavohydroquinoneKigure 1.2.4. All forms can be ptonated or not, depending on the
needs of the environment. In the electron transport system (ETS), Complex | contains FMN,
while FAD is a cofactor in the ngmoton pump enzyme Complex Il in the TCA cycle and also
acts as a flavoprotein that transfers eteons in fatty acid oxidation processes. The role of
flavins in Complexes | and Il is reflected in the transfer of two electrons when entering from
NADH or succinate, thus enabling and continuing the further path down a series-stigdrur
clusters comained in these complexes. Specifically, the mitochondrial respiratory chain
contains clusters with two, three, or four iron atoms connectedtiphuratoms. Fe2S2 and
FedS4 clusters are shown figure 1.2.4.Each cluster differs by only one electron, 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, (@3l 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 sixthesitypically 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 Ca@ oxygen. The-type heme is found in cyt ¢, a mobile

electron carrier between Complex Il and ComplexHigure 1.2.4)To facilitate the transfer

10
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of electrons along the mitochondrial respiratory chain, the small, highly conserved protein cyt
¢ binds b Complex | to accept an electron, and on the other side, to Complex Il to donate the

electron through electrostatic bindin@3).

Heme groups carry only one electron each, but four electrons are actually required
for the reduction of oxygen to water, wth 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 coppeentres which contain two copper atoms
coordinated with histidie, methionine, and the carbonyl of the main chain. However, although
it contains two copper atoms, thisentre can accept only one electron, which is delocalized

across both copper atoms (43).

FMN, R = phosphate

HO, FAD, R = adenosine bisphosphate

101
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Figure 1.2.4A) Structures of Redox Factors. FMNh Its Oxidized Form and Semiquinaone
the One Electron Reduced ForBj,ron-Sulfur Clusters Fe2S2 and Fe43#eme. Taken and
Modified from the Work: Ramsay RR. Electron Carriers and Energy Conservation in
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Mitochondral Respiration. ChemTexts. 2019;5(2):1

Electron carriers are reduced according to the generalized reaction:

oxidized + ne+ mHT reduced

where "n" denotes the number of involved electrons, and "m" represents the
number of hydrogen atoms (H). Thedpoint potential is said to represent the potential
value at which half of the molecules are oxidized and half are reduced. The relationship
0SG6SSYy DAO6OA FNBS SySNHeé& opbo F2N St SOGNRyYy i

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

Wheren represents the number of transferred electrori®is the gas constangis
the Faraday constant, and the symlidirefers to the midpoint redox potential of the half
reaction. However, when protons are involved in the reaction, pH changes the redox
potential of the halfreaction depending on the concentration. Considering ¢hére
electron transport chain, the transfer of electrons from NADH (E326 mV) to quinone (Eh
' bn Y0 dzy RSNJ &adFyRIFENR LI @I ftdzSa g2dzZ R 6S | &
bHOn®dngpcp 1W Y2ibmMY+bMOON b Obotcalpveryx0 I bcHO®
favourableand 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 n@talzonditions and oxygen
I @ AfFroAftAGERET YR F2N) 0KA& NBI &2y JeppnBentd | £ dzS &
potentials (43). Based on the above, it can be concluded that reverse electron transport from
CoQ to NADH can occur when the concentraf succinate is high and dioxygen is low. In

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

12



Doctoral dissertation rtStaryRrRN

also modulated if the donor and acceptor pairs are on opposite sides of the membrane where
there is a transmembranpotential. 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 accep(igure 1.2.% 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 Il (43).

{LISOATFTAOIfteY GKS &d02A0KA2YSUOUNER 2F LINRG2Y
passing thragh the mitochondrial respiratory chain has been the subject of numerous studies
(A7n 0P C2NJ AYRADARdzZ £ O2YL)X SES&s GKS ylI bkuShH
electron acceptors and by employing potassium ions in the presence of the ior@pho
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 rhibocirial membrane
(Figure 1.2.5. Specifically, Complex | has four antipo#like channels that open through a
conformational change associated with the electron transfer redox state of CoQ2(50 he
LINEG2y &0G§2A0KA2YSGNE ¥F2 Kas beenyrederBiE confirmed §53)n | b K H
/ 2YLX SE LLL NBfSIraSa nlb FNRY HvIHZE ¢gKSNB HS
the other two electrons are passed to hemes for the reduction of Q at the semiquinone
stabilization site, with 2H+ ions being také&nom the mitochondrial matrix (54). Finally,
Complex IV has proton relay channels lined with amino acids (55), requiring two protons for
SIFOK ¢l GSNJ Y2 SOdzfS FT2NN¥SRZ gKAES aAYdzZ GFyS2d
aU2A0KA2YSUNR2Y2F! Mh| GRHBLA2ENAESY 2NJ cl bkHSbL TN
well established (56).
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Figure1.2.5 Sbichiometry of protons translocated per electron pdiransferredalong the
mitochondrial respiratory chain Taken and modified from the website
https://www.thoughtco.com/electrontransportchainand-energyproduction4136143

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 H&9).
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 | is rotenamepiericidin, for Complex Il it is
thenoyltrifluoroacetone (TTFA) or carboxins, for Complex Il it is antimycin A or myxothiazol,
while specific inhibition of Complex IV is achieved through the application of cyanide or carbon

monoxide (6663).
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Finally for the selective blockade of the last complex, Complex V, of the mitochondrial
respiratory chain, oligomycin is usdelqure 1.2.%. After the application of specific inhibitors, it
was found that the use of rotenone reduces ATP production and oxygesuwgntion by only
30%, indicating that Complex | 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 5%6443).
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Figure 1.2.6 Mitochondrial Electron Transport System with Complexes Involved in Electron
Transfer and Their Specific Inhibitors. Q Refers to Ubiquinone; J Téroyltrifluoroacetone.
Taken and Modified from the Websitdtps://vectormine.com/item/electrontransportchain
asrespiratoryembeddedransportersoutline-diagram/.

1.2.2. Energy Metabolismf @umourCells

More than 70 years ago, Otto Warburg suggested that mitochondrial dysfunction or
resulting defects could be a potential causewhour development (21, 64). This observation
prompted numerous researchers to focus their interests on ingastig the pathogenesis and

role of mitochondria in the onset of variotismours(65-67). Alterations in the genetic content
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of mitochondria, mitochondrial DNA (mtDNA) copy number, or oxidative damage to mtDNA have
been observed to be associated with theogression of various cancers (88). The role of
mitochondria intumour development may also be a result of mutations in TCA cycle enzymes
such as isocitrate dehydrogenase, succinate dehydrogenase, or fumarate dehydrogenase (71,
72). Specifically, mutains 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
reprogrammingin cells and stimulate glycolysis, which allows for the survival and further
proliferation of cells, as well as the transformation processes leadifgour formation (74,

75). In fact, malignant cells use significantly less oxygen for their needs edaldatic 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 proes$/6).
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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 iou4®f 102 countries
(77). In 2020, the mortalitjo-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 manyasmillion 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. Etiologypf 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 mutatiand 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 & ttedt 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 evenn 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). Isti@gly, there is a noted association between
certain molecular subtypes of breast cancer and patienttaaggressive triplmegative
subtypes are most commonly diagnosed in groups under 40 years old, while luminal A subtypes

are most frequently seen in pants 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, regardleskage. 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 genét mutations have been proven to be associated with an increased risk of
breast cancer. The two main genes with very high penetrance are BRCA1l (located on
chromosome 17) and BRCAZ2 (located on chromosome 13) (88). Mutations in these genes are
inherited in a autosomal dominant manner, but cases of sporadic mutations, which are very
common, are also recorded. In addition to the aforementioned, {pighetrance genes for

breast cancer include TP53, CDH1, PTEN, and STKP).(89

Race and ethnicity are also ctered 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). Qorersely, 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 therapye@afly 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 assated 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 séormones, altering immune system responses, or changing the

levels of insulidike 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
receptorpositive breast cancer (101). Additionally, a higher BMI is associagitid more
aggressive biologicalbmour 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 &mshour suppressor genes
(especially p53). In addition to active smoking, passive exposure to tobacco smoke aedso n

to significantly contribute to the induction of pr@arcinogenic 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 eadgtection 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:
U Regular (annual or every 2 years)mraography is recommended for women aged;69
years.
U Regular annual mammography may also be conducted for women agd® 4nd 7Q74 years.
U For women with a strong family history of breast cancer, with or without confirmed BRCA
mutations, annual magnetic esonance 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 supplexddiy diagnostic imaging,

and the presence of any lesions is confirmed by histopathological andlgbis (.3.) (106).

Tabelal.3.1.TabelarnprikazR A 2 I 3 y algoiitrhalkd]i &@imenjuje kodkarcnomadojke

Assessment of general healttatus

History

Menopausal status

Medical examination

Complete blood count

Liver, kidney, and heart examination (for patients scheduled for treatment with anthracycl
and/or trastuzumab)

Functional tests, alkaline phosphatase, and calcium

Evaluation ofthe 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, HERZ2, .
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 turbarden, 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 mammographyuirasound 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 camias, 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 aforementionediagnostic 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. CGissification of Breast Cancer

Invasive breast cancer includgamours 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 for8%o of case@l10) 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, mucinows@noma, neuroendocrine carcinoma, and others

(Figure 1.3.)(108, 11}
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Figure 1.3.1 Representative Microphotographs of Different Histological Types of Invasive
Breast Carcinomad) Invasive Carcinoma (NSB),Lobular Carcinoma;) Tubular Carcinoma,

D) Mucinous CarcinomaE) Invasive Micropapillary Carcinoma, F) Pleomorphic Lobular
Carcinoma(G)Medullary Carcinoma) Metaplastic Carcinoma, 1) 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

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 otumour cells (percentage of Ki67 positivity). These molecsidotypes
include the classification of breast cancer into luminal A, luminal B, {d&tve, and triple
negative breast cancer (TNBC) (112). The immunohistochemical characteristics of breast

cancer are shown imable 1.3.2113).
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Table 1.3.2Molecular subtypes of invasive breast candeaken and modified from the work
Saha T, Lukong KE. Breast cancer diiegrcells in drug resistance: A review of mechanisms and
novel therapeutic strategies to overcome drug resistance. Front Q@&#; 12856974.

subtypes HERZ+  LurinalBl  LurinalAT

ER-, PR—, HER2—

70,01 brcast 15-20%  10-15%  20% 40%
cancers

Receptor
expression

Histologic
grade
Level of cell differentiation

Prognosis
Correlates to histologic grade
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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 bstacancer, the application of radiotherapy, chemotherapy,

endocrine, and alMHER?2 therapy, as well as their combinations (115).

Current national recommendations for surgical dissection in the treatment of breast
cancer include avoiding axillary lymph modissection in patients with micrometastases or
macrometastases in one or two sentinel nodes (118), reexcision for close but negative
surgical margins after partial mastectomy (119), contralateral prophylactic mastectomy in
patients with unilateral f[gh-risk breast cancer, and sentinel lymph node biopsy in patients over
70 years of age with eartage hormone receptepositive breast cancer (120). Recent data
support performing sentinel lymph node biopsy with or without targeted axillary dissedtien a
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 iscaanmended 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 canpared to surgery alone. Moreover, it is noted that combining RT with adjuvant
chemotherapy increases diseaee survival rates in patients with higlsk breast cancer (123
125). However, malignancy recurrence is a major clinical challenge that ocebeut 4.37.3%
of breast cancer patients who receive RT after breastserving surgery (126). Many factors,
such as the total dose applied, fractionation, tumor doubling time, hypoxic conditions within the
tumor tissue, and intrinsic radiosensitivitygre 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 thfe 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 sie 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 marro¥g @@lolved 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 developinffedent 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).

Hormonereceptorpositive (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 theraptheitivo
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 abantrHER2 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 aph for adjuvant therapy. The combination of chemotherapy
and trastuzumab, as well as ddalgeted therapy with trastuzumab and lapatinib, in patients
with locally advanced HER®sitive breast cancer, shows improved, even complete,
pathological responsél38). The TNBC (Trigiegative 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 trialshpBly
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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 aviaiéatherapeutic 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 d@&lioblastoma

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 astbset 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 migitep process of tumorigenesis, while the remaining 10%
of gliomas develop through progression from lovgeade tumors, such as diffuse or anaplastic
astrocytoma, and represent secondary neoplasms (144). Secondary glioma is generally
diagnosed in middikaged 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 & 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 neuratstEniNSCs) 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 themost 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 months, and the fivgear survival rate is reported toe
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 disordersasuttiberous sclerosis (154),
Turcot syndrome (155), multiple endocrine neoplasia type 1A (156), and neurofibromatosis type
| (157). Additionally, brain contusion resulting from head injuries can predispose individuals to
the development of GBM (158). Alhe 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 gers 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 BME higher values of these characteristics increase the risk of development
(162). The human cytomegalovirus is considered another potentialogical 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 glicells 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
pathwayssuch 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 invaiviednior development
(164). lonizing 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. Autghially, certain chemicals, such as pesticides,

polycyclic aromatic hydrocarbons, and solvents, are considered potentially hazardous (165).
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1.4.3. Clinical Signs of the Disease

Depending on the location and increased intracranial pressure as a consecpfahe
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 infestinflammatory 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 beeof 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@a@mately 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 glioblastdrigtire

1.4.(172).
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Figurel.4.1.Depictionof dbutterfly glioblastoma on magnetiaesonanceémaging in A)frontal
and B) horizontal planesTaken and modified from the studyuveria S, Anant SK. Butterfly
glioma. N Engl J Med. 2018; 378(3):281.

The definitive diagnosis is based ke 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, fineneedle 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 dxgde (I
proliferative index, response to thepplied therapy, and survival time. Grade | includes benign
CNS tumors, Grade 1l is used for relatively-matignant tumors, Grade Il includes tumors of
low malignancy, while Grade IV represents the most malignant tumors with a median survival

rate of 612 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 spefic 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 astroegteyin tumors. In GBM, cells show negativior

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 establistned 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 spivafied with
acidophilic cytoplasm and indistinct cellular boundartagire 1.4.2 Nuclear pleomorphism is
present. Namely, the nuclei are oval or elongated with clumped hypenchtic 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 celiay also be present (174).
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Figurel.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. Takemmd Modified fromthe Website:
https://www.pathologyoutlines.com/topic/cnstumorglioblastomaidhmutant.html

Cells resembling adipo®4, characterized by the presence of lipomatous vacuoles, can
constitute about 510% 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 "kgch” glioma (179).
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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 heir 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 Weikeblade bodies, which are normakbsent 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 astrocytes8(). Within the blood vessels, the presence
of vascular thrombi is observed, leading to damage and proliferation of endothelialFegiisg

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

w

wi {i..

Figure 1.4.3Microscopic View of Intravascular Thrombosis in Glioblastéyighe Central Blood
Vessel is Occluded by an Intravascular Thrombus (indicated by black amB)wsljsading
Grouping of Tumor Cells Around the Thrombosed Blood Vessel (indicated by blad) avith

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 necegfions 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 orientaglial 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
centralnecrosis. 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)(B&®udopalisading 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 @®ood vessels indicate a poor therapeutic response and rapid

disease progression (187).
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Figure 1.4.4Histological 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 Chieineous
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 probcols 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, xienum 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 significantanttantertumoral
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 g/pf therapy (193). The blodatain 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 coregddo 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 blockatlSHERR 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 caneinbas led to the
development and research of argngiogenic gene therapy with the ultimate goal of blocking
the VEGHependent pathway (200). Another medication, bevacizumab (a humanized IgG1l
monoclonal antibody), has proven effective in improving outesrim 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 disruptthg 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 anunexplored 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 pdiebgabme

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

I I NY 2 aaknyiE-histdine) is a natural dipeptide found in many tissues such as
muscle, lung, eye tissue, as well as in the biadneys, and liver. The maximum concentration
recorded in muscle tissue is approximately 2.5 mM (206). The synthesis of this dipeptide occurs
FTNRY (KS |lande©azthistiding, with the participation of the enzyme carnosine
synthase, while on th@ther 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 imidazaieg of Lhistidine is methylated at the nitrogen
atom closest to the side chain and furthest from the side chain. Homocarnosine is an analog of
OF NJ 2 & A y S -aldniyie iz igplaced byi GABA. Other related compounds include the
acetylated form (acetylddd/ 2 & A Y S 0 Zlaningis acdfyfatod and carnosine, in which the
L-histidine residue of carnosine is replaced by histamkiigure 1.5.) (206). The abbreviation
HCD is often encountered in the literature, denoting dipeptides containing histicaneagne,

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 olged 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 ophidhe. 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 aloitly @ne 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, sashpigs and buffaloes, have all three HCDs, but

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

HO
0 MNH N

) .
0. NH N \P

NH, anserine

/ )‘Y\Q\g HD MV
)IY\&V 3\‘\(/ camnosine T \;T

Ophidine/

NH

carcinine

homocarnosine

acetyl-carnosine
0

Figure 1.5.1Chemical Structure of Carnosine and Its Natural Derivatives. Taken and Modified
from: Boldyrev AAAIdini G, Derave W. Physiology and Pathophysiology of Carnosine. Physiol
Rev. 2013; 93(4):180%b.
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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 reportechdwe
carnosine concentrations in the millimolar range: skeletal muscle and the olfactoryFogillve
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 inltleely 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 amoustsasice
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 speeied there is a large variation

in the accuracy of HCD quantification between different analytical methodologies.

Profiing of HCD in rat tissues using Royhcision liquid chromatography with
electrospray ionization revealed that carnosine can be detkdte the millimolar range in
skeletal muscles (@ mmol/kg wet tissue), in the micromolar range in brain tissue, cerebellum,
and myocardium (250 mmol/kg wet tissue), but detection was not performed in the kidneys,
liver, lungs, and plasma. Similar piiafi 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 namvasively (magnetic resonance spectroscopy) (218, 219).
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Figure 1.5.2Carnosine Concentrations in Endogenous Tissue and Body Fluids in Mice. Taken and
Modified from: Kamal MA, Jiang H, Hu Y, Keep RF, Smith DE.dafafdBenetic Knockout of
Pept2 on the In Vivo Disposition of Endogenous and Exogenous Carnosine-iryp#ildnd

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 fuoa, 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 additiorio 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, 25).

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 antioxidantitgas 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, wich differ from those in physiological conditions within the body
(229231). 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 chargetransfer complex with the superoxide radical @Daltersits 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 moleculesKigure 1.5.3 (23).

The antioxidant activity of carnosine was also studied by Decker and colleagues in 2000
(228) using purified-tarnosine. Their research indicated that carnosine ahdtidine play a
role in scavenging peroxyl radicals at millimolar concentratioris,S NXBalardine was found to

be ineffective.

J\r\@ SO o O

NHz l 5
@

Figure 1.5.3Chemical 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;74:33840.
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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, suclethanol, thioacetamide, and anticancer
agents (228).

Under physiological conditions, carnosine has been found to reduce oxidative damage
and improve both enzymatic and n@mzymatic antioxidant activity. Specifically, a anenth
treatment with a daily dee 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 activitmtib@adant 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 ashistidine, 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 contriectunction 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 anfatigue efect 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 higimtensity muscle contractions, anaerobic glycolysis leads to increased
production of latic 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 suptaéoren
in humans has been shown to reduce the degree of acidosis in the blood due tmteigity
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+ ioA$)(2Additionally, 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 excitatioontraction in skeletal mue 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 miesethat carnosine also affects the
excitationcontraction 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 protetive effects of carnosine in Alzheimer's disease were first
documented in the late 1990s when in vitro studies demonstrated this dipeptide's ability to
AYKAOAG (K S-amfl@d\gslymedzatigh addfits subsequent toxicity to cells (248).
Additiondly, Preston and colleagues (249) demonstrated that carnosine provides protection
F3FrAyad G§KS vy Sdawkiid peptileton BervasSuladieadotelial dells of the rat
brain. Besides in vitro studies, numerous in vivo studies have shown timatsoae has a strong
STFSOU 2y YAUG2O0K2yRNAIFf NBail2 NamylaiRaggregatidr, T dzy Ol
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and it has shown a trend towards improving cognitive deficits (250). Proposed hypotheses
regarding these effects of carnosine suggest péssitfluences on the regulation of glutamate

release and NMDA receptor trafficking (251). Additionally, a potential interaction between
OFNy2aAyS FyR GKS OKFNBSR 3INEP dzLJaamyloarNddiBhdzy RA y 3
inhibits its concentration inease, 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 ofarnosine 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 impraagnitive 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, dodblied, placebecontrolled study (255).
Numerous studies are stileing conducted to introduce carnosine into the therapeutic regimen
for this disease (25858).

In a controlled study (800 mg per day for 8 weeks) involving children with autism
spectrum disorders, carnosine supplementation resulted in statisticallyffisaymiimprovements
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 proieetrole 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 finstentioned 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 lels. 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 néneesby

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). Specificalhgsine is thought to inhibit
h-crystallin aggregation induced by methylglyoxal and to have the potential to disaggregate
I f NI Re -castalioRab)S R

1.5.3.4. Antitumor Potential of Carnosine

The antitumor potential of carnosine has attracted particular interest {26Y). 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 peridiaipited 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 neoplastell 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 phosphatghereby 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 tid inhib
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). lovine B and colleagues also highligiath&r 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 beiranducted (269, 27275).
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2. Objectives and hypotheses

The objectives of the conducted research were:

1 To examine the impact of different concentrations of pureaknosine substance, Karnozin
EXTRA® preparation, and Now®altnosine on the morphologicatharacteristics of

continuous cell linesBHk21/G13, MRG5, MCF/, and U87.

1 To examine using the MTT method the impact of different concentrations of pcaenosine
substance, Karnozin EXTRA® preparation, and Naamdsine on the proliferative &uity
of continuous cell linesBHK21/G13, MRG5, MCF7, and U87.

1 To examine using the "scratch assay" the impact of different concentrations of pure L
carnosine substance, Karnozin EXTRA® preparation, and N@afosine on the

progression of cell migration in continuous tumor cell lin®CF7 and U87.

1 To examine the characteristics of immunofluorescent positivity of the structural (vimentin)
marker after treatment of continuous cell line8HK21/G13, MRG5, MCF7, and U87 with
different concentrations of pure-tarnosine substance, Karnozin EXTRA@®apation, and

Now® kcarnosine.

1 To examine the impact of different concentrations of pureaknosine substance, Karnozin
EXTRA® preparation, and Now@altnosine on the immunofluorescent positivity of the

oxidative (SOD2) marker in continuous cell linBsik21/G-13, MRG5, MCF7, and U87.

1 To examine the impact of different concentrations of pureaknosine substance, Karnozin
EXTRA® preparation, and Now@inosine on mitochondrial respiration of "intact cells" and

the activity of the mitochondriatespiratory chain complex in continuous cell lineBHK
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21/G13, MRG5, MCF7, and U87.

The hypotheses of the conducted research were:

1 The application of pure-tarnosine substance, Karnozin EXTRA® preparation, and Now® L
carnosine will cause signifidcaohanges in the morphological characteristics of continuous
tumor cell lines, while the morphological properties of healthy continuous cell lines will

remain unchanged.

1 Pure kcarnosine substance, Karnozin EXTRA® preparation, and Nmau®sine, aftethe
treatment of continuous tumor cell lines, will exhibit antiproliferative activity, but the

cytotoxic effect on healthy cells will be absent.

91 Pure kcarnosine substance, KarnoBXTRA® preparation, and Nowd@uitnosine will lead to

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

1 Treatments with pure dcarnosine substance, Karnozin EXTRA® preparation, and Now® L
carnosine will resulin 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.

1 By applying pure-tarnosine substance, Karnozin EXTRA® prepayand Now®-tarnosine
on continuous cell lines MCF7, U87, BHR1/C13, and MR6, immunohistochemical

confirmation of the antioxidant effect (SOD2) is expected.

1 Pure Ecarnosine substance, Karnozin EXTRA® preparation, and Man@sine will leado
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 BHK21/C13 and MR®G cells.
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1 Pure Ecarnosine substance, Karmia EXTRA® preparation, and NovgRrhosine 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 Cultire kustitute of
Histology and Embryology of the Faculty of Medicine, University of Novi Sad, as well as in the
Laboratories of the Center for MedieBharmaceutical Research and Quality Control (CMFIK) of the

Faculty of Medicine, University of Novi Sad.

3.1.1. Chemicals, Reagents, and Solutions

Table 3.1.Ipresents a list of reagents and solutions used for conducting the experiments and methods

within this research.

Chemicald Reagentd Solutions Manufacturer, Country of origin
ethylene glycol bis (@minoethyl ether)
o - SigmaAldrich USA
bbb Q>b Giidsu NI | C
K-lactobionate SigmaAldrich USA
Taurine SigmaAldrich USA
4-(2-hydroxyethyl)1-piperazine
SigmaAldrich USA
ethanesulfuric acid (HEPES)
D-sucrose SigmaAldrich USA
Bovine serurmalbumin (BSA) SigmaAldrich USA
Potassium dihydrogen phosphate (KH2PO4 SigmaAldrich USA
Magnesium chloride hexahydrate _ _
SigmaAldrich USA
ad/ fHwcOl HhUOV
Sodium pyruvate SigmaAldrich USA
I RSy 2 adipyoSphate (ADP) SigmaAldrich USA
Isopropanole Thermo Fisher ScientifldSA

51



Doctoral dissertation

1814l yRN

b Z b Z Betranmethylp-phenylenediamine
dihydrochloride (TMPD)
(+)}Sodium Lascorbate

Antimycin A from Streptomyces sp.
Rotenone
Digitonin
Dimethyl sulfoxide (DMSO)
Potassium chloride (KCI)

3-(4,5dimethykthiazol2yl)-2,5 dipheny
tetrazolium bromide (MTT)
Antibiotics 6treptamycin and penicillin)
Dulbeccos Modified Eagles mediyBMEM)

without phenol red

Dulbecco's Modified Eagle Medium/Nutrient

Mixture F12
(DMEM/Ham's A2) medium with tglutamine
Minimum Essential Medium (MEWX)
L-glutamine
Fluorescent stain for sails, DAPI (4,
6-diamidino2-phenylindole)

DPX (Tissu&ek® Coverslipping Systems)
Hydrochloric acid (HCI)
Phosphate buffer (PBS)

Triton %100
(t-oxyldenoxypolyethoxyethanpl
Sodium dithionate
L-Glutamic acid

Non-essential amino acids

SigmaAldrich USA

SigmaAldrich USA
SigmaAldrich,USA
SigmaAldrich,USA
SigmaAldrich,USA
SigmaAldrich,USA

SigmaAldrich,USA

SigmaAldrich,USA
SigmaAldrich,USA

CapricornGermany

CapricornGermany

CapricornGermany

CapricornGermany

Abcam,USA

SakuraUnited Kingdom

Zorka,Serbia

SigmaAldrich,USA

Alfa Aesar, A 1604&ermany

SigmaAldrich,USA
SigmaAldrich,USA
SigmaAldrich,USA
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Trypsin with Ethylenedienetetraacetate
acid (TrypsisEDTA)
Paraformaldehyde

Rabbit antibody to vimentin
Rabbit antibody to SOD2
AlexaFluor® 555 secondary antibody
Alexa Fluor® 488 secondary antibody
Fetal Bovine Serum (FCS)
L-6 bMalic acid
potassium hydroxide (KOH)
Karbonilcijaniep-trifluorometokst
fenilhidrazon (FCCP)

SigmaAldrich,USA

SigmaAldrich,USA

Abcam, ab92544)nited Kingdom

Flarebio, PO4179JSA

Abcam, ab150078, United Kingdom

Abcam, ab 150077, United Kingdom
SigmaAldrich, USA
SigmaAldrich, USA
SigmaAldrich, USA

SigmaAldrich, USA
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3.1.2. Preparation of-Carnosine Substance

In order to determine the antitumor potential of-tarnosine within this doctoral
dissertation, the effects of different concentrations of puredrnosine substance, as well as different
concentrations of carnosine from the preparations Karnozin EXTRAG@n® icarnosine, were
examined. The pure-tarnosine substance is a product of SigAdrich (United States). Karnozin
EXTRA® capsule is a commercially available formulaticoaohbsine (125 mg), enriched with vitamin
E (20 mg), coenzyme Q10 (20 nmiggarnitine (20 mg), northern blueberry extract (20 mg), and grape
seed extract (20 mg) (CarnoMed, LLC, Novi Sad, Serbia). The Mawsine capsule is also a

commercially available dietary supplement edrnosine and is a product of Now Foods (USA).

The preparation of sterile solutions of purecarnosine substance, Karnozin EXTRA®, and
Now® kcarnosine was carried out immediately before the treatment of the experimental groups. The
pure L-carnosine substance was measured on an analytical balar&4Zp.R2 Plus Radwag, USA) in a
gram weight proportional to achieve the required concentrations in an appropriate volume of
phosphatebuffered saline (PBS). The contents of the Karnozin EXTRA® capsule (500 mg) were dissolvec
in 1500 pl of PBS in a 15 mbiand 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 pl automatic pipette. The Noar@dsine capsule
(500 mg) was dissolved in a volume of 22.1 ml of PBS. These prepared solutions were filtered through a

0.22 um bacteriological filter to achieve sterility of the solutions used for cell treatment.

3.1.3. Investigated Cell Lines

The antiumor potential of kcarnosine 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 bEdehocarcinoma 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. BHK21/C-13- cell line derived from onelay-old hamster kidney,

2. MRGS5 - cell line of human fetal lung fibroblasts,

3. MCF7 - cell line of estrogen receptepositive (ER+) human breast adenocarcinoma, and
4

. U87- cell line of human glioblastoma.

The MCKH and BHK1/G13 cell lines were donated bthe Institute for AntiRabies
Protection - Pasteur Institute in Novi Sad. The MRGell 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 dBelgrade. 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 BHKR1/G13 and MCH cell lines were cultured in DMEM medium wilodium
pyruvate and iglutamine, supplemented with 10% FBS, in the presence of 1% penicillin and
streptomycin. The MR& cell line was cultured in DMEM/Ham'sLE medium with tglutamine,
supplemented with 10% FBS, in the presence of 1% penicillin arutastrgcin. The U87 cell line
was cultured in MEMA medium with the addition of 1%dlutamine, 10% FBS, 1% pessential

amino acids, and 1% penicillin and streptomycin.

The cell lines were maintained in an incubator (NUAIRE DH AUTOFLOW ;j@ck2tan
incubator, USA) at 37 °C, in an atmosphere with >95% humidity and 5% CO2. Upon rea¢hitg 60
confluency after a period of 48 hours, the cells were washed with PBS. In a T75 cmz flask (Grainer
Bio-One, Austria), 0.25% Trypsin/EDTA was applied in a voldenbto 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 addg 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-ine2¥plates with coverslips of
12 mm in diameter (Marienfeld, Germany) at a concentration of 5x1074 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 desbed 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 cm?
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flasks at a concentration of 6x10"5 cells inmPof 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-tarnosine substance as well as different concentrations of carnosine from

Karnozn EXTRA® and Now®aknosine 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 principleahkg vi
cells have an intact cell membrane that prevents the dye from entering the cytoplasm, while the

cytoplasm of cells with compromised membrane integrity and-mi@ble cells stains blue.

| pOSHEE adzalLISyarzy g+ a RAfddziSR 6AGK pn >t 27F
AyOdzo F GA2y G NRB2Y (-8yekifutiah wiadzZphRied toreumenedytonfeier (i K S
(Neubauer chamber). The counting of viable and -u@ble cells was perfmed under an
inverted microscope (Leica, DMIL, Germany). The number of viable cells in 1 ml of suspension
was calculated using the following formula:

4
whereN = total number of viable cells in 1 ml of suspensig¥ humber of viable ckd counted
per quadrant of the hemocytometer chambe®; = dilution factor;10* = 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. Expamental Design of the Study
To investigate the effect of different concentrations of pureadtnosine substance, as well as

different concentrations of carnosine from Karnozin EXTRA® and Na@afokine, the

treatment of continuous cell lines was dividedo 10 groups:
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1. ControlGroupc control group of continuous cells treated with PBS,

2. Group2 mM L:carnosineg group of continuous cells treated with purechrnosine substance at
a concentration of 2 mM,

3. Group5 mM L=carnosineg group of continuous cells treated with purechrnosine substance at
a concentration of 5 mM,

4. Groupl0 mM Lcarnosineg group of continuous cells treated with pure-tarnosine substance
at a concentration of 10 mM,

5. Group2 mM Karnozin EXTRA®group of continuous cells treated with Karnozin EXTRA® at a
concentration equivalent to 2 mM concentration of puredrnosine from the capsule,

6. Group 5 mM Karnozin EXTRA®group of continuous cells treated with Karnozin EXTRA® at a
concentration equivalent to 5 mM concentration of puredrnosine from the capsule,

7. Groupl10 mM Karnozin EXTRA®roup of continuous cells treated with Karnozin EX3RAa
concentration equivalent to 10 mM concentration of puredrnosine from the capsule,

8. Group2 mM Now® icarnosineg group of continuous cells treated with 2 mMcarnosine from
Now® Lcarnosine preparation,

9. Group5 mM Now® lcarnosineg group of coinuous cells treated with 5 mM-tarnosine from
Now® tcarnosine preparation,

10.Group10 mM Now® {carnosine¢ group of continuous cells treated with 10 mMcarnosine

from Now® lcarnosine preparation.

Treatment of the 24well plates with a final volume of 550 plwell plates with a final
volume of 2 ml, and T75 cm? flasks with a final volume of 12,120 ml was performed according to the

scheme presented imable 3.1.6.
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Table 3.1.6Final concentratios of pure kcarnosine substance, carnosine from Karnozin EXTRA® and

Now® Etcarnosine preparations in the culture medium for cell growth

L-carnosinei Now® L

Concentration Plates carnosine Karnozin EXTRA® (ul
(mg)

Plate with 24 wells 0.25 2.99

2mM Plate with 6 wells 0.91 10.87
Flask T 75cn 5.48 65.8

Plate with 24 wells 0.62 7.47

5mM Plate with 6 wells 2.25 27.16

Flask T 75c 13.71 164.5

Plate with 24 wells 1.24 14.93

10mM Plate with 6 wells 4.51 54.4
Flask T 75cn 27.42 329

59



Doctoral dissertation rtStaryRrRN

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 characteristitshe cell lines included in the study, cells
were trypsinized and seeded into#4Sf f LJX F §Sa opPmnw OStfakegSt
for cell growth. The seeded cells were incubated at 37°C forteoB4 period to achieve G{B0%
confluency, afte 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 multiplestirfirst with 96%
ethanol and then with 100% ethanol. The stained cells were mounted onto microscope slides
using DPX mounting medium. Microphotographs of the {3&ihed cells were captured using a
Leica MC 190 camera mounted on a Leica DMLB 100T ligtaseope at 400x 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 inle®St f L | 1Sa o6pPRmnw OSft f 2

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 pkamdrast microscope (Germany) at 200x
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magnification. Morpholgical 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 purecarnosine substance and the preparations Karnozin
EXTRA® and Now®lL Ny 2aAyS 2y OStt OAlLoAfAGET OStfta ¢
well in 96well plates. After overnight adherence, cells were treated withotes 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). Th& BiSsay is based on the reduction of the
yellow tetrazolium salt (&4,5dimethylthiazol2-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 crystalssagidpanol 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 purpido 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 seti mn s> ® !  YSI &dzZNSER @Al 0
was considered notoxic 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 Tui@ell Lines After Treatmengtin Vitro

"Scratch" Assay
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Exponentially growing human breast adenocarcinoma (MGdhd human glioblastoma
(U87) cells were seeded integ6Sf LI | G6S&a G + O2y OSydaN)» GAZ2Y 27
growth medium. Ovethe 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 thergemidm,
a straight line (scratch) was created in the center of the monolayer in each well using a sterile
200 pl pipette tip. Cells were gently washed with PBS to remove detached floating cells, and

appropriate serurdree growth medium was added to each Mve

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 scrateh.dmage analysis was
performed using the ImageJ software with the MRl 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%), an@ @verage 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 inubation, both control and treated experimental groups were
subjected to staining of adherent cells on cover slips fronwe#l plates. Growth medium was
aspirated using a 1000 ul 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-X00 for 5 minutes. Subsequent preparation steps were caoigdn 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 theecaslips:

1. Vimentinat 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 slgk,in a
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 d_eica MC 190 HD camera (Germany) at 400x magnification. Fluorescence
intensity measurements were performed on ten random fields at 400x magnification using
ImageJ 1.45 software (USA). An outline was drawn around all cells visualized on the cover slips.
Thetotal area of stained cells and the mean fluorescence intensity (integrated density) were
measured, along with several background intensity measurements around the Tde#{$otal
Corrected Cellular Fluorescerft€CRyas calculated using the formula:

TCCHntegrated density (selected cell rangdackground 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

pl automatic pipette, 2 ml of MiR0O5 solution (110 mM sucrose, 60 rdittobionate,0.5 mM

9D¢! X o Ya ad/fti X Hn Ya ¢l dz2NAYSZ mn Ya YIlithj
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.

Aftertrypsy AT I GA2y X | ALISOAFAO @2t dzyS O2y il AyAy
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 resuspend&dnm
of pretempered MiRO05 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 eld¢tevamtach
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
YY2f hi KYAYKkHPMAabe OSftfaod

3.2.5.2. Determination of Digitin 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, wagimoped 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 containingPmnbe @Al 6t S OSffax YAG?2
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. Rotenoneg inhibitor of mitochondrial respiratory chain complex | (0.1 pM)

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 additionof rotenone, digitonin titration was performed. The initial
digitonin concentration added to the reaction chamber was 5 pug/ml, gradually increasing up to
50 pug/ml through subsequent titrations. *Cytochrome c** (10 uM) 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 AfteMeatlbrane 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 specifidbitbrs of respiratory chain complexes
were added to the reaction chamber following this protocol:

Pyruvate(10 mM)

Malate (2 mM)

ADP(2.5 mM)

Glutamate (10 mM)

Rotenone(0.5 uM)

Succinatg15 mM)

Antimycin A(2.5 pM)

TMPD + Ascorbatéd.5 mM + 2 mM) (281).

© N o 00 B~ W Dd P
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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 (&D@néet
between independent variables were tested using parametric analysis of variance ANMBVA
the GamesHowell post hoc test for unequal variances. All analyses were performed using IBM
SPSS Statistics 23 softwa®PES Inc, Chicago, lllinois, )JUSkpotheses were tested at a
statistical significance level of p<0.05 and p<0.0001. Graphical representations of the results

were created usingraphPad Prism softwafeersion 7.05, San Diego, CA, JSA
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4. RESULTS

4.1. Analysis of the morphologicaharacteristics of cell lines after

treatment

In order to analyze the effects of purechrnosine, and the preparations Karnozin EXTRA® and
Now® Ecarnosine on the cell morphology of BEK/G13, MRG5, MCF7, and U87 cell lines, the cells
were treated wih 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 oeralis using an inverted phase

contrast microscope.

4.1.1. Hamster Kidney Cells (BHKCG13)

BHK21/G13 cells exhibit fibrobladike characteristics. The cells of the control group are
relatively large and spindishaped. A large euchromatic nucleatcupies 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
BHK21/G13 cells after treatment with different carnosine preparations are presentegigares 4.1.1,

4.1.2 and4.1.3.

4.1.1.1. Influence of PureQarnosine on the Morphology of BRK/G13 Cells

The analysis of the morphological characteristicBbii«21/G13 cells after treatment with
different concentrations of {carnosine revealed that the experimental group cells exhibit the same

morphological properties as the control group cefigg(re 4.1.1
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H&E

Phase-contrast

Figure 4.1.1Morphological Characteristics of BI2k/G13 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 pm), While Microphotographs of Live Nati
Cells in Culture Were Taken with an Inverted Microscope with Phase Contrast (200x
Magnification, Scale 100 un#) andB) Control GroupC)andD)2 mM L-CarnosineE)andF)5

mM L-CarnosineG)andH) 10 mM LCarnosine.

4.1.1.2. Influence of the Karnin EXTRA® Preparation on the Morphology of BHE13 Cells

Figure 4.1.2shows the control and experimental groups of BHKG13 cells treated
with different concentrations of the tested preparation. BAK/G13 cells in the 2 and 5 mM
Karnozin EXTRA®ups 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 hawengechshape, no
longer spindleshaped 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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H&E

Phase-contrast

Figure 4.1.2 Morphological Characteristics of BEK/G13 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 um), While Micraphpte of Live

Native Cells in Culture Were Taken with an Inverted Microscope with Phase Contrast (200x
Magpnification, Scale 100 umj.) and B) Control GroupC)and D) 2 mM Carnosine EXTRAD,

andF)5 mM Carnosine EXTRARandH) 10 mM Carnosine EXTRA

4.1.1.3. Influence of Now®darnosine on the Morphology of BRAK/G13 Cells

The morphological characteristics of BRIKG13 cells after 24 hours of treatment with
different concentrations of the tested preparation are presentedrigure4.1.3.The spindle shape
of the cells and the presence of a large euchromatic nucleus aterésaof both the control and

experimental groups.

H&E

Phase-contrast
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Figure 4.1.3Morphological Characteristics of BI2K/G13 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 pm), While Microphotographseofaitive Cells in Culture

Were Taken with an Inverted Microscope with Phase Contrast (200x Magnification, Scale 180 um).
andB) Control GroupC)andD)2 mM Now® {CarnosineE)andF)5 mM Now® {CarnosineG)andH)

10 mM Now®{Carnosine.

4.1.2. Hunan Fetal Lung Fibroblasts (MBC

The MR 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 fibrdéasts. They have a spindb®lygonal 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, stigdsnalyzed the
effects of different carnosine preparations on the morphology of-tuimor cells, specifically the MREC
cell line, as shown iRigures 4.1.4, 4.1,5and4.1.6.

4.1.2.1. Influence of PureQarnosine on the Morphology of MBCells

The application of different concentrations of the pure substanesgrhosine, did not result in
changes in the morphological properties of MRCells Figure 4.1.4. In all three experimental groups,
the presence of cells in the division phase is obsgrvyhe cells have a spinglelygonal 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.

H&E

Phase-contrast
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Figure 4.1.4.Morphological Characteristics of MBCCells 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 pum), WWMitzophotographs of Live Native

Cells in Culture Were Taken with an Inverted Microscope with Phase Contrast (200x
Magnification, Scale 100 un#) andB) Control GroupC)andD)2 mM L-CarnosineE)andF)5

mM L-CarnosineG)andH) 10 mM LCarnosine.

4.1.2.2. Influence of Karnozin EXTRA® on the Morphology &5 2B

Treatment with Karnozin EXTRA® caused significant variations in the morphological
characteristics of cells in all three experimental groups compared to the cagrinap Figure
4.1.95). 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 periphevas observed. However, the most
pronounced effect of the preparation on the change in morphological characteristics ofsSMRC
cells was evident in the 5 and 10 mM Karnozin EXTRA® groups. The cells were elongated, thinned,
and had a spindiike appearane. 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 tsubstrate, cell

debris wasobserved.

H&E

Phase-contrast

Figure 4.1.5Morphological Characteristics of MBCCells 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 um), While Microphotographs of Liwe ICails in
Culture Were Taken with an Inverted Microscope with Phase Contrast (200x Magnification, Scale
100 pm).A) andB) Control GroupC)andD)2 mM Carnosine EXTRA#RandF)5 mM Carnosine
EXTRA®;)andH) 10 mM Carnosine EXTRA®.

4.1.2.3. Influace of Now®-Carnosine on the Morphology of MBCells

Analyzing the effects of Now®darnosine on the morphological properties of human
fetal lung fibroblasts did not reveal significant deviations compared to the appearance of the cells
in the controlgroup fFigure 4.1.8. 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 wastevide

H&E

Phase-contrast

Figure 4.1.6 Morphological Characteristics of MBQCells 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 um), While Micropinapins of Live Native Cells

in Culture Were Taken with an Inverted Microscope with Phase Contrast (200x Magnification,
Scale 100 pumA)andB)Control GroupC)andD)2 mM Now® {CarnosineE)andF)5 mM Now®
L-CarnosineG)andH) 10 mM Now®4Carnosine.

4.1.3. Breast Adenocarcinoma Cells (MQF

Changes in the morphological characteristics of the MCEIl line after treatment with different
carnosine preparations are presentedrigures 4.1.74.1.8 and4.1.9. In standard H&E staining

and phase contrast, MEF cells in the control group are atacterized 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 PureQarnosine on the Mphology of MCH Cells

After 24 hours of treating the MCGF cell line with the pure substancechrnosine, a
series of changes in morphological properties were identified compared to the control group
(Figure 4.1.7. Specifically, in all three experimahgroups, 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 cytoplasic vacuolization, disruption of the cell membrane integrity, and the
subsequent disintegration of the cells themselves. The most pronounced effectsaohdsine

on the morphological changes in MCFeells are observed in the 10 mMcarnosine group.

H&E

Phase-contrast

Figure 4.1.7.Morphological Characteristics of MZFCells 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 um), While MicrophotographiseofNative

Cells in Culture Were Taken with an Inverted Microscope with Phase Contrast (200x
Magnification, Scale 100 un#) andB) Control GroupC)andD)2 mM L-CarnosineE)andF)5

mM L-CarnosineG)andH) 10 mM LCarnosine.
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4.1.3.2.Influence of Karnozin EXTRA® on the Morphology of\Gefis

As shown irFigure 4.1.8 Karnozin EXTRA® leads to drastic changes in morphological
characteristics that are dosgependent. 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 ob&=l 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.

H&E

Phase-contrast

Figure 4.1.8Morphological Characteristics of MCEells 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 um), While Microphotographs of Live Native Cells in
Culture Were Taken with anverted Microscope with Phase Contrast (200x Magnification, Scale

100 pm).A) andB) Control GroupC)andD)2 mM Carnosine EXTRARandF)5 mM Carnosine
EXTRA®;)andH) 10 mM Carnosine EXTRA®.

4.1.3.3. Influence of Now®Jarnosine on thMorphology of MCH Cells

MCF7 cells treated with Now®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,ha 5 and 10 mM Now®&Qarnosine
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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 conagation of the tested preparation.

H&E

Phase-contrast

Figure 4.1.9Morphological Characteristics of MCFCells After 24 h Treatment with Now® L
Carnosine. Cell Preparations Stained with Standard H&E Staining Were Photographed Using a
Light Microscope (400x Magnificatio8cale 50 um), While Microphotographs of Live Native
Cells in Culture Were Taken with an Inverted Microscope with Phase Contrast (200x
Magnification, Scale 100 pmA) and B) Control GroupC)and D)2 mM Now® {CarnosineE)

andF)5 mM Now® {CarnosineG)andH) 10 mM Now®{Carnosine.

4.1.4. Human Glioblastoma Cells (U87)

As shown irFigures 4.1.104.1.11, and4.1.12 the treatment of human glioblastoma
cells with different carnosine substances caused drastic morphological changes thasare
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 nuglth 2 to 5 centrally located

nucleoli, as well as lateral branched extensions, are features of this cell line.

4.1.4.1. Influence of PureQarnosine on the Morphology of U87 Cells

The application of the pure substance carnosineatnosine, resulted irsignificant

dosedependent changes in the morphological properties of human glioblastoma Eedisré¢
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4.1.10. Larger dimensions, irregular shape, and the presence of long extensions are features of
the cells in the 2 mM-tarnosine group. In the 5 mM drllO mM Ecarnosine 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 inélL0 mM kcarnosine group.
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Figure 4.1.10Morphological 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, scddar 50 pm), while micrographs of live native cells in
culture were taken with an inverted phasentrast microscope (200x magnification, scale bar
100 pm).A) and B) control group,C)andD)2 mM LcarnosineE)andF)5 mM L-carnosineG)

andH) 10 mM Lcarnosine.

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 grobmyre 4.1.1). 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 presemmfenumerous 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 Karnori 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 indicabé o
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 increas¢he number of floating U87 cells in the medium,

with the most pronounced effect in the 10 mM Karnozin EXTRA® group.
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Figure 4.1.11 Morphological characteristics of U87 cells after 24 hours of treatment with
Carnosine EXTRA®. Cell preparations staintbdstandard H&E staining were photographed
using a light microscope (400x magnification, scale bar 50 um), while micrographs of live native
cells in culture were taken with an inverted phasentrast microscope (200x magnification,
scale bar 100 ump) and B) control group,C)andD)2 mM Carnosine EXTRA#andF)5 mM
Carnosine EXTRA®,andH) 10 mM Carnosine EXTRA®.

4.1.4.3.Influence of Now®Carnosine on the Morphology of U87 Cells

After treatment with Now® 4Carnosine on the human glioblastoma cele| 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® tCarnosine lost their typical shape. Shorter and smaller lateral extensionglless a
loss of the spindle shape, are observed in the 2 and 5 mM Ne@&rosine groups. The

characteristic feature of human glioblastoma cells in the 10 mM Noe®@@rhosine group is the
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almost complete absence of extensions, along with an apparenéase in cell volume and

noticeable deformation of the cell membrane.
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Figure 4.1.12Morphological 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 um), while micrographs otive nells in
culture were taken with an inverted phasentrast microscope (200x magnification, scale bar
100 um).A) and B) control group,C)and D) 2 mM Now® {carnosine E)and F)5 mM Now® L
carnosineG)andH) 10 mM Now®4{carnosine.
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4.2. Antiprdiferative activity of different carnosine preparations on the

tested cell lines

The results of the MTT test after 24 hours of treatment of BHIG-13, MR, MCK/,
and U87 cell lines with various concentrations of carnosine (2, 5, and 10 mM) of tee pur
substance, as well as the tested preparations Karnozin EXTRA® and {dam@sine, are
graphically presented. All results are shown as the percentage of viable cells relative to the

control group.

4.2.1. Hamster kidney cells (BRK/G13)

4.2.1.1. Theffect of pure tcarnosine on the viability of BFK/G13 cells

The effects of pure-tarnosine on the viability of BHKL/G13 cells after 24 hours of
treatment are shown inGraph 4.2.1A An exceptionally high viability rate is observed in all
experimenal groups (>90%) compared to the control, so the use of the pure substance is

considered nortoxic to this cell line.

4.2.1.2. The effect of Karnozin EXTRA® on the viability efIBEK3 cells

After conducting 24 hours of treatment of BFK/G13 cels 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 grotrpated 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&arnosine on the viability of BFK/CG13 cells

Analyzing the results of the MTT test after 24 hours of treatment with various
concentrations of Now®-¢arnosine on BHR1/G13 cells, a high viability rate (>90%) was
observed,as shown inGraph 4.2.1CThe treatment with Now®-¢tarnosine is considered nen

toxic for BHKR1/G13 cells as the viability rate in all experimental groups was above 90%.
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Graph 4.2.1Effect ofA) pure L.carnosineB) Karnozin EXTRA®, abfNow® tcarnosine 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 percem@ay@ared to untreated cell$. p<0.05.

4.2.1.4. The effect of 2 mM carnosine concentration from the tested preparations e21BHK3 cell
viability

BHK21/CG 13 cells treated with 2 mM carnosine from the different preparations showed
exceptionally highviability compared to the control group in all three experimental groups
(Graph 4.2.2A The viability of the cells in the 2 mM Nowaknosine group was almost the

same as the control group.

4.2.1.5. The effect of 5 mM carnositencentration from the tested preparations on BHKG13 cell
viability
Treatment with 5 mM carnosine from the tested preparations did not result in a

cytotoxic effect on BHR1/G13 cells, as presented @Graph 4.2.2B
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4.2.1.6. The effect of 10 mbérnosine concentration from the tested preparations onBHK-13 cell
viability
The effect of the tested preparations with 10 mM carnosine on the viability of BB
13 cells is shown iGraph 4.2.2CIn the groups treated with 10 mM Now®&é&rnosire 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).
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Graph 4.2.2 The effect of pure-carnosine, Karnozin EXTRA®, and Nowe&@nlosine on the
viability of hamster kidney cells after 24 hours of treatment with concentrations)@fmM, B)

5 mM, andC) 10 mM carnosine. Cell viability was assessed using the t8SETResults are
presented as meanzSD. Viability is expressed as a percentage relative to untreated cells. *p<0.05.
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4.2.2. Human fetal lung fibroblasts (IVHRBL

4.2.2.1. The effect of puredarnosine on the viability of MR&cells
The viability of human fetal lung fibroblast cells from the MR&@ntinuous cell line after
24 hours of treatment with different concentrations of puredrnosine is shown @raph 4.2.3A.
Ly Fftf SELISNAYSy(dlft 3INRIzZLIAZ he Kplicaridh loRpdzdB R JA |

carnosine can be considered ntoxic to MRG5 cells.

4.2.2.2. The effect of Karnozin EXTRA® on the viability 65M&IS

Incubation of human fetal lung fibroblast cells for 24 hours after treatment with different
concentratiors of carnosine from Karnozin EXTRA® showed a-o#psndent decrease in
viability compared to the control group (F=32269052; p<0.@aph 4.2.3B A statistically
significant difference in the percentage of viable cells was also observed when comgéaring a
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& gr

4.2.2.3. The effect of Now&aé&rnosine on the viability of MR&cells

Graph 4.2.3Ghows the effect of different concentrations of Now®adrnosine on the
viability of the MR& continuous cell line. The cell viability in all experimental grougs ¥90%.
In the 2 mM and 5 mM Now®darnosine groups, the percentage of viable cells was very similar.
A statistically significant reduction in viability was recorded in the 10 mM Nev&@nbsine group
compared to the control and other experimental graufF=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 Aomric to human fetal lung fibroblast cells.
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Graph 4.2.3The effect oA) pure L-carnosne, B)Karnozin EXTRA®, @Now® Etcarnosine 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 arg@resented as meanSD. 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
MRGS5 cells

The viability of the continuous MR&cell line incubated with 2 mM carnosine from the
tested preparations, in comparison to the control group, is show@riaph 4.2.4AIn the 2 mM
Karnozin EXTRA® group, a statistically significant reduction in thenatibih 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 mbarnosine and 2 mM Now®chrnosine
groups was greater than 90%, so the applicatiotheke preparations was considered ntoxic

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

MRGS5 cells

Graph 4.2.4Bhows the results of the MTT test in MBellcultures 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 mMérnosine and 5 mM Now®chrnosine groups, as
cell viability in these experimental groups wasp /"> @ hy GKS 20 KSNJ KFyRX
in the 5 mM Karnozin EXTRA® group on {@Re&ll 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 experimemal 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
MRGS5 cells

The results of the MTT test measuring the viability of MR@lIs after treatment with
10 mM carnosine fronthe tested preparations are presented @raph 4.2.4CIn 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 experimenta
groups (F=32269052; p<0.05). Conversely, the treatment of the-B1&&ll line with pure 1

carnosine and Now®darnosine at this concentration did not result in a cytotoxic effect.

-

o

o
]

100+

50

Cell viability (% of control)

Cell viability (% of control)
Cell viability (% of control)

Graph 4.2.4 The effect of pure-carnosine, Karnozin EXTRA®, and/® kcarnosine on the
viability of human fetal lung fibroblast cells after 24 hours of treatment with concentrations of
A)2 mM,B)5 mM, andC)10 mM carnosine. Cell viability was assessed using the MTT test. Results
are presented as meanzSD. Viabildyexpressed as a percentage relative to untreated cells.
p<0.05.

4.2.3. Breast Adenocarcinoma Cells (MCF

4.2.3.1. The Effect of PureClarnosine on the Viability of MZFCells
Based on the results shown @raph 4.2.5Ait can be seen that a 2dour treatment
with different concentrations of dcarnosine exhibits antiproliferative activity against breast

adenocarcinoma cells. A statistically significant decrease in the number of viable cells was

84



Doctoral dissertation rtStaryRrRN

observed in all experimeal 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 relstthosine group
and the 5 mM and 10 mM-tarnosine groups. No statistically significant differenceiability

was found between the 5 mM and 10 mMcarnosine groups after 24 hours of treatment
(p>0.05).

4.2.3.2. The Effect of Karnozin EXTRA® on the Viability ef RI€IB

The breast adenocarcinoma cell line showed exceptional sensitivity to treatwiémt
Karnozin EXTRA®raph 4.2.5B After a 24hour incubation period, a statistically significant
dosedependent decrease in cell viability was observed when comparing the experimental values
with the control group (F=4627146.1; p<0.05). A reductiomértumber 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 viabilitgltsf was extremely low.

4.2.3.3. The Effect of Now&harnosine on the Viability of MCFCells

Treatment of breast adenocarcinoma cells with different concentrations of Now® L
carnosine resulted in a statistically significant reduction in viability coetpé the control group
(F=4627146.1; p<0.05Gfaph 4.2.5¢€ 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 4.2.5The Effect oA) pure L-carnosineB)Karnozin EXTRA®, @Now® Ltcarnosine on

the viability of breast adenocarcinoma cells. The tested cells were incubated with different
concentrations of carnosine for 24 hours, and cell viability was assessedhsiMI T 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
MCF7 Cells

Compared to untreated cells, treatment withcarnosine as well as the preparations
Karnozin EXTRA® and NowsRrhosine at a 2 mM carnosine concentration caused a statistically
significant decrease in the viability of MCFcells (F=4627146.1n<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 observethm2 mM Karnozin EXTRA® group.

4.2.3.5. The Effect of a 5 mM Carnosine Concentration from the Tested Preparations on the Viability of
MCF7 Cells

After a 24hour treatment of breast adenocarcinoma cells with pureaknosine as well
as the preparation&arnozin EXTRA® and Nows&rhosine at a 5 mM carnosine concentration,
cell viability was measured using the MTT t&taph 4.2.6B A statistically significant difference
was recorded when comparing the viability of experimental groups to the connmlipg
(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 wikhrnozin EXTRA®, while the
percentage values of breast adenocarcinoma cell viability in tHearhosine 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 onilihedfiab
MCF7 Cells

Graph 4.2.6Cshows 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 comparialges 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/ cells compared to the other groups
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Graph 4.2.6 The effect of pure-carnosine, Karnozin EXTRA®, and Nowe&@nlosine on the
viability of breast adenocarcinoma cells after 24 hours of treatment with a carnosine
concentration ofA) 2 mM,B)5 mM, andC)10 mM. Cell viability was assessesing 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&Clarnosine on the Viability of U87 Cells

Todetermine the potential cytotoxic effect of puredarnosine on human glioblastoma
cells, the viability of U87 cells was assessed after 24 hours of treatment using the MTT test. It
was found that tcarnosine at concentrations of 2 mM and above led to éigttaally significant
dosedependent 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 grous=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®4ov
hours, a statistically significant decrease in cell viability was observed compared to the control
group (F=706365.96; p<0.0%3raph 4.2.7R A statistically significant reduction was also found
when comparing the percentage values of viable cek$wben 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 loeompared to the other experimental groups.

4.2.4.3. The Effect of Now&hrnosine on the Viability of U87 Cells

Graph 4.2.7@resents the results of the MTT test conducted after 24 hours of treatment
of human glioblastoma cells with various concentra@f Now®-arnosine. 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 afells in the 5 mM and 10 mM Now@c&rnosine 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 compaing the 2 mM group with the 5 mM and 10 mM Now®aknosine groups.
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Graph 4.2.7 The effect oA) pure L-carnosineB)Karnozin EXTRA®, @Now® Etcarnosine on
the viability of human glioblastoma cells. The tested cells were incubated with differen
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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 mBarnosine Concentration from the Tested Preparations on the Viability of U87
Cells

After 24 hours of treatment of U87 cells with puredrnosine, as well as the tested
preparations Karnozin EXTRA® and Nowe&riosine at a concentration of 2 mM carnositiee
percentage of viable cells was determined using the MTT @siph 4.2.8A Inthe 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 idaells compared to the control
group (F=706365.96; p<0.05). On the other hand, treatment with Now&nosine at this
concentration was considered ndnoxic. A statistically significant difference was observed when
comparing the percentage of viable lsshmong 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 dcarnosine, as well as the preparations Karnozin EXTRA® and Now®
L-carnosine at a concentration of 5 mM carnosine over ah@dr period on the viability of
glioblastoma cells, is presented@raph 4.2.8BAnalysis of the percenge 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 KarmoEXTRA® 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 etaktnosine and the

preparations Karnozin EXTRA® and Now&@rioshe 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<0.05draph 4.2.8¢C When comparing the percentage of viable cells in
the 10 mM Ekcarnosineand 10 mM Now®-tarnosine 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.

Cell viability (% of control)
Cell viability (% of control)

Cell viability (% of control)

Graph 4.2.8 The effect ofA) pure L-carnosine B) Karnozin EXTRA®, &dyNow® Lcarnosine on

the viability of human glioblastoma cells after 24 hours of treatment with a carnosine
concentration ofA) 2 mM,B)5 mM, andC)10 mM. Cell viability was assessed usirggMT T 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 Cellg In Vitro "Scratch" Assay

Using the "scratch" assay, by analyzing microphotographs and performing statistical
analysis, the effect of pure-darnosine, Karnozin EXTRA®, and Noe&®nosine at different
concentrations on the migratory ability of breast adenocarcinomalanadan glioblastoma cells
was examined. In the microphotographs, a yeHmarked line separates the area of empty space

and adherent cells in the monolayer at O hours and 24 hours after treatment.

4.3.1. Breast Adenocarcinoma Cells (MQF

Analyzing the ngratory ability of MCH cells and comparing the values of the empty
space immediately after the defect was made in the monolayer-{Q00%) and 24 hours later
(Figue 4.3.]), weak migratory ability of this cell line was established, which is consisténthe
literature (282, 283, 284).

Figure 4.3.1.Migratory ability of MCH 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 pm).

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 presentedsfaphs 4.3.1 and 4.3)2Untreated human glioblastoma cells almost

completely filled the induced dect 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 dieggendent decrease

in their ability to migrate.

4.3.2.1. The Effect of Pur&larnosine on the Migratory Ability 087 Cells

After treating U87 cells with different concentrations of puredrnosine, the ability of
these cells to migrate was analyzdeigure 4.3.2). A statistically significant dosgependent
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@%2)phH 4.3.1A The
largest values of emptgpace were recorded in the 10 mMchrnosine group, while the values
in the other groups were slightly lower, with 5 micarnosine at 66.74+0.135% and 2 mM L

carnosine at 60.45+0.110% relative to the values measured at O h.

Oh

24h

Figure4.3.2.Migratory ablity of U87 cells after 24 h of treatment withdarnosine. Native human
glioblastoma cells were photographed under a light microscope (400x magnification, scale 100
pum) A) and B) control group,C)and D)2 mM L-carnosineE)andF)5 mM Lcarnosine G)and H)

10 mM Lcarnosine.

4.3.2.2. The Effect of Karnozin EXTRA® on the Migratory Ability of U87 Cells

Figure4.3.3 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<0.055faph4.3.1B. A dosedependent 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 concemtradf 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 suwiflviable 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
1034£0.111%.

Figure4.3.3.Migratory abilityof U87 cells after 24 h of treatment with Karnozin EXTRA®. Native
human glioblastoma cells were photographed under a light microscope (400x magnification,
scale 100 pumi)andB)control group,C)andD)2 mM Karnozin EXTRAGandF)5 mM Karnozin
EXTR®&,G)andH) 10 mM Karnozin EXTRA®.

4.3.2.3. The Effect of Now@hkrnosine on the Migratory Ability of U87 Cells

The migratory ability of human glioblastoma cells after treatment with different
concentrations of carnosine from Now&arnosine is presdad in Figue 4.3.4 Comparing the
measured values of the empty space (induced defect) in the experimental groups with the
control, a dosedependent increase was observed, which was statistically significant
(F=34191.257; p<0.05k(aph 4.3.1F A statisttally 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 NovgRrthosine group, amounting to
68.77+0.192%. The empty smain the 5 mM Now®d¢arnosine group was 64.51+0.393%, while
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in the 2 mM Now®-tarnosine group, it was 57.76+0.081%.
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Figue 4.3.4.Migratory ability of U87 cells after 24 h of treatment with Now@altnosine. Native
human glioblastoma cells were photographed under a light microscope (400x magnification,

scale 100 umi\) and B) control group,C)and D)2 mM Now® {carnosine E)andF)5 mM Now®
L-carnosineG)andH) 10 mM Now®-<arnosine.
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Graph 4.3.1 Quantitative analysis of the migratory ability of human glioblastoma cells after
treatment with different concentrations o&) pure l-carnosineB)Karnozin EXTRA®, aiNow®
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 4.3.2Ashows the effect of the tested preparations on the migratory ability of
human glioblastoma cells after treatment with 2 mM carmasi 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 significadifference was also observed when comparing the size of the
induced defect between the 2 mM-darnosine and 2 mM Now®chrnosine groups. When
treated with Karnozin EXTRA®, the empty space was the largest, amounting to 62% of the initial

value measured & 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 showdraph 4.3.2BA statistically significant
difference was found when comparing the experimental groups with dbetrol 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. Th Effect of a 10 mM Carnosine Concentration from the Tested Preparations on the Migratory
Ability of U87 Cells

Pure Ecarnosine, Karnozin EXTRA®, and Neea@nlosine applied at a concentration of
10 mM carnosine showed the ability to inhibit the migratmirfhuman glioblastoma cell&¢aph
4.3.2G. 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 signifitalifference 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 flas 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 Ecarnosine, as well as Karnozin EXTRA® and Nemafokine at
concentrations ofA) 2 mM,B)5 mM, andC)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 Testeldreparations 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 sining 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 Ce[BHK21/CG-13)

After immunofluorescent staining of healthy B2K/G13 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 regionthefcells, thick fibers or even
bundles are observed, which are formed by the grouping of a large number of filaments. After
guantifying the results and calculating the total fluorescence intensity of the secondary antibody
bound to the vimentin antigemithe control group of BHR1/G13 cells, the TCCF value was
725639.2+161535.77.

4.4.1.1. The Effect of Pure&Carnosine on Vimentin Fluorescence Intensity in the Cytoplasm @1BEHK3
Cells

After 24 hours of treatment of BHKL/G13 cells with differat concentrations of pure
L-carnosine, immunofluorescent staining was performed to determine the level of vimentin
expression. Iirigure4.4.1, it can be seen that the fluorescence signal decreases with increasing
concentrations of the tested substance.dh 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.Ato compare the measured total fluorescence intensity values among the groups. A
statistically significant dosdependent decrease in vimentin expression was found when
comparing the experimental groups with the control (F=54.201; p<0.0001). Additioaally,

statistically significant difference was observed when comparing the 2 rolkfrosine group
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with the 10 mM Ekcarnosine group within the experimental groups (p<0.0001).
.- - K
- -

Figue 4.4.1. Representative microphotographs of BBKG13 cells labeled with
immunofluorescent staining for vimentinieen signg and nuclei labeled with DARI (e signa)

after 24 hours of treatment with different concentrations of puredrnosine. Control grqu A)

DAPI,B) vimentin, andC) DAPI+vimentin; 2 mM-tarnosine:D) DAPI,E) vimentin, andF)

DAPI+vimentin; 5 mM-tarnosine:G) DAPI,H) vimentin, andl) DAPI+vimentin; 10 mM-L
carnosine:J) DAPI,K) vimentin, andL) DAPI+vimentin. Photographs were takem 400x
magnification, scale 50 um.

4.4.1.2. The Effect of Karnozin EXTRA® on Vimentin Fluorescence Intensity in the Cytoplagii@iBHK
Cells

Figue 4.42 shows the immunofluorescent staining of vimentin in control and
experimental groups of BHKL/G13 cells after treatment with different concentrations of the
tested preparation. There is a dogependent 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 itV 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 presentedsmaph 4.41B. 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 whenamparing the 2 mM Karnozin EXTRA® group with the 10 mM Karnozin

EXTRA® group (p<0.0001).

--

Figue 4.4.2. Representative microphotographs of BBKG13 cells labeled with
immunofluorescent staining for vimentigieen signgl and nuclei labeled with DARIue signa)

after 24 hours of treatment with different concentrations of carnosine from Karnozin EXTRA®.
Control groupA) DAPIB) vimentin, andC)DAPI+vimentin; 2 mM Karnozin EXTRE®API E)
vimentin, and F) DAPI+vimentin; 5 mM Karnozin EXTRB®.DAPI, H) vimentin, and )
DAPI+vimentin; 10 mM Karnozin EXTRA®DAPI, K) vimentin, and L) DAPI+vimentin.
Photographs were taken at 400x magnification, scale 50 um.

4.4.1.3. The Effect of Now&harnosine on Vimentin Fluorescence Intensity itCtiteplasm of BHR1/G13
Cells

The effects of Now®darnosine after application at different concentrations on BHK
21/G13 cells caused a decrease in the fluorescence intensity of the secondary antibody bound

to the vimentin antigen Kigure 4.4.3). Obsering 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 meslike arrangement.

Statistical analysis of the total fluorescence intensity valuegnoéntin in treated BHK
21/G13 cells revealed a statistically significant decrease compared to the control group
(F=54.201; p<0.0001¢(aph 4.4.1¢

Figue 4.4.3 Representative microphotographs of BBKG13 cells labeled with
immunofluorescent staining for vimentinieen signgl and nuclei labeled with DARI (e signa)
after 24 hours of treatment with different concentrations of carnosine from Nove&rhosine.
Control groupA) DAPIB)vimentin, andC)DAPI+vimentin; 2 mM Now®chrnosineD) DAPIE)
vimentin, and F) DAPI+vimentin; 5 mM Now®-chrnosine: G) DAPI, H) vimentin, and )
DAPI+vimentin; 10 mM Now®-charnosine: J) DAPI, K) vimentin, and L) DAPI+vimentin.
Photographs were taken at 400x magretion, scale 50 pm.
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Graph 4.4.1 The effect ofA) pure L-carnosineB)Karnozin EXTRA®, @aNow® Etcarnosine on
vimentin expression in hamster kidney cells. The tested cells were incubated with different

concentrations of carnosine for 24 hours.dakts are presented as mean valuestSD. *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-13 Cells

After 24 hours of treatment of BHKL/G13 cellswith the tested preparations at a
concentration of 2 mM{carnosine, the total fluorescence intensity values were analy@edph
4.4.2A. Statistically significant differences were observed when comparing all experimental
groups with the control, as wedls 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-tarnosine 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 BHIK-13 Cells

Graph 4.4.2Bshows the quantified ttal fluorescence intensity values of vimentin in
BHK21/G13 cells after treatment with pure-tarnosine, 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 wagcorded in the 5 mM Karnozin EXTRA® group, while in the 5 mM Now® L
carnosine and 5 mM-tarnosine groups, a significant decrease in total fluorescence intensity was
observed compared to the control group (F=54.201; p<0.0001). Significant differencealseere
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 CytoplasmiekB1/G-13 Cells
Quantification and analysis of the measured total fluorescence intensity values of

vimentin in BHKR1/G13 cells after treatment with the tested preparations at a concentration of
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10 mM carnosine revealed the presence of statisticallyiogmt differences when comparing

the experimental groups with each other and with the control group (F=54.201; p<0.0001)
(Graph 4.4.2¢ In the 10 mM Karnozin EXTRA® group, the highest total fluorescence intensity of
intermediate filaments was measurebh contrast, the 10 mM Now®darnosine and 10 mM-L

carnosine groups showed a significant decrease in TCCF compared to the control group.
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Graph 4.4.2The effect of puredcarnosine, Karnozin EXTRA®, and Neg#@nlosine on vimentin
expression in hamster kidney cells after 24 hours of treatment with concentratioA32MmM,
B)5 mM, andC)10 mM carnosine. Results are presented as mean values=SDO®OL0

4.4.2. Human Fetal Lung Fibroblasts (MFRC
Vimentin expression was detected in untreated MR€ells. Healthy human fetal lung
fibroblasts showed extensive expression of the intermediate filament vimentin throughout the

cytoplasm. The measured tltfluorescence intensity value in this group of cells was 15.8+3.12.

4.4.2.1. The Effect of Puré€Carnosine on Vimentin Fluorescence Intensity in the Cytoplasm &b IGBI(S

In the representative microphotographs-igue 4.4.4, vimentin is present irthe
cytoplasm of MR®& cells treated with different concentrations of purecarnosine, but the
fluorescence intensity decreases noticeably as the concentration of the tested substance
increases. The most pronounced reduction in the signal was recordbd itD mM Ekcarnosine
group.Graph 4.4.3Ashows the quantified results of intermediate filament vimentin expression
in the cytoplasm of MRS& cells after treatment. A statistically significant decrease in
fluorescence intensity of stained cells after trewnt compared to the control group was

observed (F=6850.984; p<0.0001).
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Figure 4.4.4 Representative microphotographs of MBells labeled with immunofluorescent
staining for vimentindreen signgl and nuclei labeled with DARII(e signa), after 24 hours of
treatment with different concentrations of puretarnosine. Control grougs) DAPIB)vimentin,
and C)DAPI+vimentin; 2 mM-tarnosine D) DAPIE)vimentin, andF) DAPI+vimentin; 5 mM-L
carnosineG) DAPIH)vimentin, andl) DAPI+imentin; 10 mM kcarnosine:J)DAPIK)vimentin,
and L) DAPI+vimentin. Photographs were taken at 400x magnification, scale 50 um.

4.4.2.2. The Effect of Karnozin EXTRA® on Vimentin Fluorescence Intensity in the CytoplaghCellMRC
Analyzing the repesentative microphotographs of MREcells 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 gréigure

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 changesmamge 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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MRGCS5 cells indicates a significant difference in the measured vimentin expression values
comparedto the control group (F=6850.984; p<0.000&)y¢ph 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).

Figure4.4.5. Representative microphotographs of MBCells labeled with immunofluorescent
staining for vimentindreen signgl and nuclei labeled with DARIl(e signa) after 24 hours of
treatment with different concentrations of carnosine from Karnozin EXTRA®rol groupA)
DAPI B) vimentin, andC)DAPI+vimentin; 2 mM Karnozin EXTRBY@API E)vimentin, andF)
DAPI+vimentin; 5 mM Karnozin EXTRBREDAPI,H) vimentin, andl) DAPI+vimentin; 10 mM
Karnozin EXTRA®DAPIK)vimentin, andL) DAPI+vimentin. Photographs were taken at 400x
magnification, scale 50 pm.

4.4.2.3. The Effect of Now&hkrnosine on Vimentin Fluorescence Intensity in the Cytoplasm &b IZBIG
Figure4.4.6shows 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 thereigble
dosedependent 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 MiBells labeled with immurftuorescent
staining for vimentindreen signg and nuclei labeled with DARIl(e signa) after 24 hours of
treatment with different concentrations of carnosine from Now®alnosine. Control group)
DAPIB)vimentin, andC)DAPI+vimentin; 2 mM Now®chrnosineD) DAPI E)vimentin, andF)
DAPI+vimentin; 5 mM Now®chrnosine:G) DAPI,H) vimentin, andl) DAPI+vimentin; 10 mM
Now® kcarnosine:J)DAPIK)vimentin, andL) DAPI+vimentin. Photographs were taken at 400x
magnification, scale 50 um.

Graph 4.4.3Qresents the effects of the treatments on the total fluorescence intensity
of the vimentin intermediate filament in the MRE 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 TCCFs valubserved

compared to the untreated cell group.
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Graph 4.4.3The effect ofA) pure L-carnosine B) Karnozin EXTRA®, abfNow® tcarnosine 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 Carnosinaed@ntration from the Tested Preparations on Vimentin
Fluorescence Intensity in the Cytoplasm of MRIlls

The quantified results of the total fluorescence intensity of vimentin in stained-8RC
cells after treatment with the tested preparations at a cenmtration of 2 mM carnosine are
shown inGraph 4.4.4AComparing 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 wagpresent in the 2 mM-tarnosine 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 experimetal 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 MR32IIs

FromGraph 4.4.4Bafter quantifying the results of the totélluorescence intensity of vimentin

in MRGS5 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 exgmion of the tested marker in the 5 mMcarnosine group was

similar to the measured value in the 5 mM Now@atnosine 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 MRG2IIs
Graph 4.4.4Ghows 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 differ&ece w
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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). Sgbgifice treatments with L
carnosine and Now®darnosine 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.
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Graph 4.4.4The effect of pure-ktarnosine, Karnozin EXTRA®, and Neg#&nosine on vimentin
expression in fetal lung fibroblast cells after 24 hours of treatment at concentratiohs2omM,
B)5 mM, andC)10 mM carnosine. Results are presented asamvalues=SD. *p<0.0001.

4.4.3. Breast Adenocarcinoma Cells (MQF

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 pogtivity 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 prateihe 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 PureCarnosine on Vimentin Fluorescence Intensity in the Cytoplasm of U87 Cells
Figure 4.4.7shows the effect of different concentrations otthrnosine from the Now®
L-carnosine preparation on the immunoreactivity of cytoplasmic interragglfilaments 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 statistaed analysis of the results of immunofluorescent staining of
U87 cells after treatment revealed that purearnosine does not lead to a statistically significant
reduction in TCCF values for vimentin compared to the untreated cell group (p>G@ph(
4.4.5A). Additionally, no significant differences were observed between the experimental groups

(p>0.05).
-- G

Figue 4.4.7.Representative microphotographs of U87 cells labeled with immunofluorescent
staining for vimentindreen signaliand nuclei labeled witlDAPI [jlue signal)after 24 hours of
treatment with different concentrations of puretarnosine. Control grougs) DAPIB)vimentin,

and C)DAPI+vimentin; 2 mM-tarnosine:D) DAPIE)vimentin, andF) DAPI+vimentin; 5 mM-L
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carnosineG) DAPIH)vimentin, andl) DAPI+vimentin; 10 mM-¢tarnosine:J)DAPIK)vimentin,
andL)DAPI+vimentin. Photographs were taken at 400x magnification, scale 50 pum.

4.4.4.2. The Effect of Karnozin EXTRA® on Vimentin Fluorescence Intensity in the Cytoplasatiof U87 C
Representative microphotographg-ique 4.4.§ 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 fdametie
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 Mhcarnosine 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 4.4.5Bresents 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). ke 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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Figue 4.4.8.Representative microphotographs of U87 cells labeled with immunofluorescent
staining for vimentindreen signgl and nuclei labeled with DARIl(e signa) after 24 hours of
treatment with different concentrations of carnosine from Karnozin EXTRA®. Cordup:A)
DAPI B) vimentin, andC)DAPI+vimentin; 2 mM Karnozin EXTRA@APIE)vimentin, andF)
DAPI+vimentin; 5 mM Karnozin EXTRBEDAPI,H) vimentin, andl) DAPI+vimentin; 10 mM
Karnozin EXTRA®DAPIK)vimentin, andL) DAPI+vimentin. Phographs were taken at 400x
magnification, scale 50 um.

4.4.4.3. The Effect of Now&hrnosine on Vimentin Fluorescence Intensity in the Cytoplasm of U87 Cells
Representative microphotographs of immunofluorescent staining for vimentin in U87
cells treatel with different concentrations of carnosine from Now@®@adtnosine are shown in
Figure4.4.9.Based on the observed immunoreactivity in the cytoplasm of stained intermediate
filaments in the 5 mM and 10 mM Now®&éarnosine groups, the formation of bundlbyg the
merging of individual intermediate fibers and changes in the appearance of the formed network

can be noted.

Figue 4.4.9.Representative microphotographs of U87 cells labeled with immunofluorescent
staining for vimentindreen signgl and nuclei labeled with DARII(e signa) after 24 hours of
treatment with different concentrations of carnosine from Now®altnosine. Contl group:A)
DAPIB)vimentin, andC)DAPI+vimentin; 2 mM Now®chrnosineD) DAPIE)vimentin, andF)
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DAPI+vimentin; 5 mM Now®chrnosine:G) DAPI,H) vimentin, andl) DAPI+vimentin; 10 mM
Now® kcarnosine:J)DAPIK)vimentin, andL) DAPI+vimentinPhotographs were taken at 400x
magnification, scale 50 pm.

Quantification of the total fluorescence intensity values for the tested marker after
incubation of U87 cells with different concentrations of carnosine from Now&@®nosine, along
with statistial data analysis, did not show significant differences in the measured values between
groups Graph 4.4.5¢(p>0.05).
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Graph 4.4.5The effect ofA) pure Ll-carnosineB)Karnozin EXTRA®, abjNow® Ltcarnosine 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 €ontnation 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 @raph 4.4.6AAfter the posthoc Games Haell 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 O8If's

Graph 4.4.6Bshows 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 conpaneccontrol
and the 5 mM tcarnosine group (F=22.295; p<0.0001). On the other hand, treatments with pure

L-carnosine and Now®-darnosine 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 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 show Graph 4.4.6CAnalysis 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).

b

Flourescence intensity
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Flourescence intensity 0

Graph 4.4.6 The effect of pure-ktarnosine, Karnozin EXTRA®, and Neg#@nosine on vimentin
expression in human glioblastoma cells after 24 hours of treatment at concentratid)2 ohM,
B)5 mM, andC)10 mM carnosine. Results are presented as mednes+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 continucefl 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 fluorescerc

4.5.1. Hamster Kidney Cells (BHKCG13)

4.5.1.1. The Effect of PureCarnosine on SOD2 Fluorescence Intensity in the Mitochondria <¥1BEHK
13 Cells

The effects of different concentrations of purecarnosine on SOD2 expression in the
mitochondra of BHK1/G13 cells are shown iRiguie 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 mMdrnosine group with the cortl and other
experimental groupsGraph 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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Figue 4.5.1. Representative microphotographs of BBKG13 cells labeled with
immunofluorescent staining for SOD2( signa) and nuclei stained with DARII(e signa) after
24 hours of treatment with different concentrations of pureérnosine. Control grougk) DAPI,
B) SOD2, an€C)DAPI+S0OD2; 2 mMchrnosineD) DAPIE)SOD2, an@#)DAPI+SOD2; 5 mM L
carnosine:G) DAPI,H) SOD2, and) DAPI+SOD2; 10 mMchrnosine:J) DAPIK) SOD2, and.)
DAPI+SOD2. Photographs were taken at 400x magnification, scale 50 pum.

4.5.1.2. The Effect of Karnozin EXTRA® on SOD2 Fluorescence Intensity in the Mitochonétld @1 BHK
Cells

Figure 4.5.2shows the immunofluorescent staining of the SOD2 marker in the control
and experimental groups of BFKL/G13 cells after treatment with different concentrations of
carnosine from the tested preparation. When comparing the quantified TCCF values, a
statigically 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.

-. | '\ 3 -

Figure 4.5.2 Representative microphotographs of BBKG13 cells labeled with
immunofluorescent staining for SODi2( signa) and nuclei stained with DARI(e signa) after
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24 hours of treatment with different concentrations of carnosine from Karnozin EXTRA®. Control
group:A) DAPIB) SOD2, an€C)DAPI+SOD2; 2 mM Karnozin EXTRABAP] E)SOD2, andF)
DAPI+SOD2; 5 mM Karnozin EXTRA®API,H) SOD2, and) DAPI+SOD2; 10 mM Karnozin
EXTRAGR)) DAPIK) SOD2, andl) DAPI+SOD2. Photographs were taken at 400x magnification,
scale 50 pm.

4.5.1.3. The Effect of Now&krnosine on SOD2 Fluorescence Intensity in the Mitochondria @1BHK3
Cells

Representative microphotographs of immunofluorescent staining for ®&Z marker in BHK
21/G13 cells treated with different concentrations of carnosine from Now@rhosine are
shown inFigue 4.5.3 Statistical analysis of the quantified TCCF values revealed a significant
difference when comparing the cells treated withahd 10 mM carnosine from the tested
preparation with the control groupGraph 4.5.1¢ (F= 20.652; p<0.0001). Treatment of BHK
21/G13 cells with Now®-tarnosine at 5 and 10 mM concentrations led to a decrease in the

immunoreactivity of the tested marken the mitochondria.

Figure 4.5.3. Representative microphotographs of BBKG13 cells labeled with
immunofluorescent staining for SOD2( signa) and nuclei stained with DARI(e signa) after
24 hours of treatment with different concentrations of carnosine from Nove&rhosine. Control
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group:A) DAPIB)SOD2, an€€)DAPI+SOD2; 2 mM Now®drnosineD) DAPIE)SOD2, and)
DAPI+SOD2; 5 mM Now@sadrnosine:G) DAPI,H) SOD2, and) DAPI+SOD2; 10 mM Now® L
carnosine:J)DAPIK)SOD2, andl) DAPI+SOD?2. Photographs were taken at 400x magnification,
scale 50 um.
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Graph 4.6.1The effect ofA) pure L-carnosineB)Karnozin EXTRA®, abjNow® Etcarnosine 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 marnosine Concentration from the Tested Preparations on SOD2 Fluorescence
Intensity in the Mitochondria of BHKL/G13 Cells

Graph 4.5.2Ashows the effect of a 2 mM carnosine concentration from the tested
preparations on SOD2 fluorescence intensity in the mitochondria of-RHBE13 cells.
Treatment with Now®-tarnosine 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 BHKL/G13 Cells

After 24 hours of treatment oBHK21/G13 cells with a 5 mM concentration of
carnosine from the tested preparations, the total fluorescence intensity values for the SOD2
marker were analyzed3raph 4.5.2B A statistically significant difference in the measured values
was observed whertomparing the experimental groups and comparing cells treated with
Karnozin EXTRA® and Nowe&rhosine 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 BHKL/G13 Cells

The effets 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 4.5.2CCells treated with pure-tarnosine and Karnozin EXTRA® showed a stronger
signal intensity compared to the control group and the group treated with Now&osine (F=
20.652; p<0.0001). In contrast, a significant decrease in TCCF values for SOD2 was observed in
the 10 mM Now®-tarnosine group compared to the control and othesqperimental groups

(p<0.0001).

Flourescence intensity I
Flourescence intensity m
Flourescence intensity €

Graph 4.5.2The effect of pure fcarnosine, Karnozin EXTRA®, and Newgnosine on SOD2
expression in the mitochondria of hamster kidney cells after 24 hours of treatment at
concentrations ofA) 2 mM, B)5 mM, andC)10 mM carnosine. Results are presented as mean
values = SD. *p<0.0001.

4.5.2. Human Fetal Lung Fibroblasts (MRC

4.5.2.1. The Effect of Pur&Clarnosine on SOD2 Fluorescence Intensity in the Mitochondria &5 KZBIG
Figure4.5.4shows the effect of different concentrations of pureérnosine orSOD2

marker immunoreactivity in the mitochondria of the tested cell line. Significant differences were

observed when comparing the 10 mMcarnosine group with the other group&Kaph 4.5.3A

(F= 15.234; p<0.0001). In this experimental group, the high€&F values for the SOD2 marker

were measured.
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Figue 4.5.4 Representative microphotographs of MBCells labeled with immunofluorescent
staining for SOD2rdd signa) and nuclei stained with DAPbl{e signa) after 24 hours of
treatment with different concentrations of pure-¢arnosine. Control groupd) DAPI,B) SOD2,
and C)DAPI+S0OD2; 2 mMcharnosine D) DAPIE)SOD2, ané)DAPI+SOD2; 5 mMcharnosine:
G)DAPIH) SOD2, and) DAPI+SOD2; 10 mMchrnosire: J)DAPIK) SOD2, andl) DAPI+SOD2.
Photographs were taken at 400x magnification, scale 50 um.

4.5.2.2. The Effect of Karnozin EXTRA® on SOD2 Fluorescence Intensity in the Mitochond&i&ellMRC
The representative microphotographBigure4.5.5 show the immunoreactivity of the
SOD2 marker in the mitochondria of human fetal lung fibroblast cells after treatment. The
guantified TCCF results are presentedsiraph 4.5.3BA statistically significant difference was
observed after treatment win 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

enhancenent of the immunofluorescent signal.
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Figure 4.5.5 Representative microphotographs of MBCells labeled with immunofluorescent
staining for SOD2r€d signa) and nuclei stained with DAPblfe signa) after 24 hours of
treatment with different concentrations of carnosine from Karnozin EXTRA®. Control gjoup:
DAPIB)SOD2, an€)DAPI+SOD2; 2 mM Karnozin EXTRNBAPIE)SOD2, ané)DAPI+SOD2;

5 mM Karnozin EXTRA®)DAPIH) SOD2, and) DAPISOD2; 10 mM Karnozin EXTRABRAPI,
K)SOD2, antl) DAPI+SOD2. Photographs were taken at 400x magnification, scale 50 pm.

4.5.2.3. The Effect of Now&hrnosine on SOD2 Fluorescence Intensity in the Mitochondria &b KZRIEG

Representative microphotographs of immunofluorescent staining for SOD2 in the
mitochondria of human fetal lung fibroblast cells treated with different concentrations of
carnosine from Now®-darnosine are shown ifigure4.5.6. In the 5 and 10 mM Now® L
canosine 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 carnosiné&faph 4.5.3C(F= 15.234; p<0.0001).
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Figure4.5.6. Representative microphotographs of MBCells labeled with immunofluorescent
staining for SOD2r€d signa) and nuclei stained with DAPblfe signal)after 24 hours of
treatment with different concentrations of carnosine from Now®aknasine. Control groupA)
DAPIB)SOD2, an@)DAPI+SOD2; 2 mM Now®drnosineD) DAPIE)SOD2, an&)DAPI+SOD2;
5 mM Now®{carnosine G)DAPIH)SOD2, ant) DAPI+SOD2; 10 mM Now®dtnosineJ)DAPI,
K)SOD2, antl) DAPI+SOD2. Photographs were taken at 400x magnification, scale 50 pm.
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Graph 4.5.3The effect ofA) pure L-carnosineB)Karnozin EXTRA®, abjNow® Ltcarnosine on
SOD2 expression in the mitochondria of human fetal lung fibroblast cells. The tedited/ere
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 Mibchondria of MRG Cells

Graph 4.5.4Apresents the results of immunofluorescent staining of MiR€ells 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 n®teal 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 MR&ECells

After posthoc Gameslowell 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 MRE cells with a 5 mM concentration of carnosine from the

tested preparationsGraph 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 MR&ECells

The effects of the treatment on SOD2 expression levelsantiiochondria of human
fetal lung fibroblast cells are shown@®raph 4.5.4CAnalysis of the fluorescence intensity values
and comparison between groups revealed a significant difference after treatment with the tested
preparations due to the applicatiasf 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-carnosire.
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Graph 4.5.4 The effect of pure-tarnosine, Karnozin EXTRA®, and Newgnosine on SOD2
expression in the mitochondria of human fetal lung fibroblast cells after 24 hours of treatment
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with concentrations ofA) 2 mM, B) 5 mM, andC)10 mM carnosie. Results are presented as
mean values + SD. *p<0.05.

4.5.3. Breast Adenocarcinoma Cells (MQF

4.5.3.1. Effect of PureCarnosine on SOD2 Fluorescence Intensity in the Mitochondria ef K€l

By analyzing representativenicrophotographs of MCGF cells after treatment with
different concentrations of dcarnosine, it was observed that the fluorescence signal of SOD2
was evidently weaker compared to the untreated group of céligure 4.5.7. Graph 4.5.5A
shows that the mesured 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).
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Figure 4.5.7 Representative microphotographs of MZFEells labked with immunofluorescent
staining for SOD2r€d signa) and nuclei stained with DAPblfe signa) after 24 hours of
treatment with different concentrations of pure-¢arnosine. Control grougd) DAPI,B) SOD2,

and C)DAPI+S0OD2; 2 mMclarnosineD) DAP] E)SOD2, ané) DAPI+SOD2; 5 mMcharnosine:

G)DAPIH) SOD2, and) DAPI+SOD2; 10 mMchrnosine:J)DAPIK) SOD2, andl) DAPI+SOD2.
Photographs were taken at 400x magnification, scale 50 um.
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4.5.3.2. Effect of Karnozin EXTRA® on SOD2 Fluorescence Intensity in the MitochonditaGdIICF
Figure 4.5.8hows the expression of the SOD2 marker in immunofluorescently stained

MCF7 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 pesbc Games Howell testingh@wed a statistically

significant difference between the measured values of all experimental groups, which were

lower than the control group (F=51.804; p<0.00@3j)gph 4.5.5R

Figure 4.5.8Representative microphotographs of MZFells labeled withnmmunofluorescent
staining for SOD2r€d signa) and nuclei stained with DAPblfe signa) after 24 hours of
treatment with different concentrations of carnosine from the Karnozin EXTRA® preparation.
Control groupA) DAPIB) SOD2, an€€)DAPI+SOD2; 2 mM Karnozin EXTRANBAPIE)SOD?2,
andF)DAPI+SOD2; 5 mM Karnozin EXTRBA®APIH)SOD2, anf) DAPI+SOD2; 10 mM Karnozin
EXTRAGY) DAPIK) SOD2, and.) DAPI+SOD2. Photographs were taken at 400x magnification,
scale 50 um.

4.5.3.3.Effect of Now®-Carnosine on SOD2 Fluorescence Intensity in the Mitochondria ef K€l
After a 24hour treatment of MCH cells with different concentrations of carnosine

from the Now® d{carnosine preparation, immunofluorescent staining was performed to
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determine the level of SOD2 expression in the mitochondria of this cellRigaré 4.59). 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<0.000Braph 4.5.5¢

Figure 4.5.9Representative microphotographs of MZFells labeled with immunofluorescent
staining for SOD2r€d signa) and nuclei stained with DAPblfe signa) after 24 hours of
treatment with different concentrations of carnosine from the Now®altnosine preparion.
Control groupA) DAPIB)SOD2, an@€)DAPI+SOD2; 2 mM Now®drnosineD) DAPIE)SOD2,
andF)DAPI+SOD2; 5 mM Now®drnosineG)DAPIH) SOD2, ant) DAPI+SOD2; 10 mM Now®
L-carnosineJ)DAPIK)SOD2, antl) DAPI+SOD2. Photographs were taken at 400x magnification,
scale 50 pm.
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Graph 4.5.5The effect ofA) pure L-carnosineB)Karnozin EXTRA®, adyNow® kcarnosine on
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SOD?2 expression in the mitochondria of human breast adenocarcinoma cells. Thedelted
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 MCH Cells

Graph 4.5.6Apresents the results of the effect of 2 mM carnosine from the tested
preparations on SOD2 expression in the mitochondria of WICElls. The treatment caused a
statistically significant reduction in TCCF values in all experimental grooygsared 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 witlarhosine and Now® L

carnosine compared to the group treated tvitarnosine from Karnozin EXTRA®.

4.5.3.5. Effect of 5 mM Carnosine from the Tested Preparations on SOD2 Fluorescence Intensity in the
Mitochondria of MCH Cells

Analyzing the quantified values of immunoreactivity for the SOD2 marker in the
mitochondria of MCH 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<0.000Gyr¢ph 4.5.6B In the groups bcells treated with pure 1
carnosine and carnosine from the Now®atnosine 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 Carnnsifrom the Tested Preparations on SOD2 Fluorescence Intensity in the

Mitochondria of MCH Cells

Graph 4.5.6Cshows that the treatment with 10 mM carnosine from the tested
preparations caused a statistically significant reduction in TCCF values forDRen@(@ker 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 ther @keerimental groups (p<0.0001).
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Treatment with pure {carnosine and Now®darnosine resulted in a more pronounced reduction

in immunoreactivity compared to the control group and the 10 mM Karnozin EXTRA® group.
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Graph 4.5.6 The effect of pure-tarncsine, Karnozin EXTRA®, and Now&rhosine on SOD2
expression in the mitochondria of human breast adenocarcinoma cells after 24 hours of
treatment with concentrations ofA) 2 mM, B) 5 mM, andC) 10 mM carnosine. Results are

presented as mean values + Sp<0.0001.

126



Doctoral dissertation rtStaryRrRN

4.5.4. Human Glioblastoma Cells (U87)

4.5.4.1. The Effect of Pure&llarnosine on SOD2 Marker Fluorescence Intensity in U87 Cell Mitochondria
After 24 hours of treating U87 cells with different concentrations of pucarnosine,
immunofluorescent staining was performed to determine the level of SOD2 marker expression
(Figure 4.5.190 FromGraph 4.5.7Ait can be observed that the measured TCCF values for the
examined marker show a doskependent increase; however, no statisticakygnificant

difference between the groups was found (p>0.05).

Figure 4.5.10 Representative microphotographs of U87 cells stained with immunofluorescent
labeling for SOD2rdd signa) and nuclei stained with DAPdl(e signa), after 24 hours of
treatment with different concentrations of puret¢arnosine. Control grougk) DAPIB)vimentin,

and C)DAPI+vimentin; 2 mM-tarnosine:D) DAPI E)vimentin, andF) DAPI+vimentin; 5 mM-L
carnosineG)DAPIH)vimentin, andl) DAPI+vimentin; 10 mM-tarnosine:J)DAPIK)vimentin,
andL)DAPI+vimentin. Photographs were taken at 400x magnification, scale 50 um.

4.5.4.2. The Effect of Karnozin EXTRA® on SOD2 Marker Fluorescence Intensity in U87 Cell Mitochondri
The effects of the treatment on the expression levels of SOD2 in the mitochondria of

human glioblastoma cells are shownGmaph 4.5.7BAnalysis of the microphotographsigure
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4.5.11) and quantification of the results suggest a daependent increasen 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 wiimunofluorescent
labeling for SOD2rdd signa) and nuclei stained with DAPdl(e signa), after 24 hours of
treatment with different concentrations of carnosine from Karnozin EXTRA®. Control goup:
DAPI B) vimentin, andC)DAPI+vimentin; 2 mM Karnozin EXTRB@API E)vimentin, andF)
DAPI+vimentin; 5 mM Karnozin EXTRBREDAPI,H) vimentin, andl) DAPI+vimentin; 10 mM
Karnozin EXTRA®DAPIK)vimentin, andL) DAPI+vimentin. Photographs were taken at 400x
magnificaton, scale 50 um.

4.5.4.3. The Effect of Now&hrnosine on SOD2 Marker Fluorescence Intensity in U887 Cell Mitochondria
Analyzing the representative microphotographs of U87 cells treated with different

concentrations of Now®darnosine, it can be obseed that the SOD2 fluorescence signal in the

mitochondria is more pronounced compared to the untreated group of cEilgute 4.5.12

Using the posthoc Games Howell test for unequal variances, no statistically significant difference

between the groups wafound (p>0.05)Graph 4.5.7¢C
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