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1. Wykaz stosowanych skrotow

SKROT TLUMACZENIE PL TLUMACZENIE EN
AKT kinaza biatkowa B protein kinase B
CAT katalaza catalase
dichlorodihydrofluoresceina  dichlorodihydrofluorescein
H.DCFDA ) _
diacetat diacetate
JAK?2 kinaza janusowa 2 janus kinase 2
microtubule-associated
mikroczasteczkowe biatko ) ] )
LC3A . ' proteins 1A/1B light chain
zwigzane z autofagia 1A
3A
LDH dehydrogenaza mleczanowa lactate dehydrogenase
MMP metaloproteinazy macierzy ~ matrix metalloproteinase
' ' nuclear factor kappa-light-
jadrowy czynnik kappa B ) ]
NF-kB chain-enhancer of activated
komorek B
B cells
jadrowy czynnik
NRE?2 erytroidalny 2 zwigzany z nuclear factor erythroid 2—
czynnikiem related factor 2
antyoksydacyjnym
kinaza 3- L .
PI3K ) phosphoinositide 3-kinase
fosfatydyloinozytolu
receptor aktywowany przez _ )
_ peroxisome proliferator-
PPARYy proliferatory peroksysomow )
activated receptor gamma
gamma
ROS reaktywne formy tlenu reactive oxygen species
SOD1 dysmutaza ponadtlenkowa 1  superoxide dismutase 1
rzekaznik sygnatu i signal transducer and
STAT3 P ve N g- o
aktywator transkrypcji 3 activator of transcription 3
czynnik wzrostu srédbtonka  vascular endothelial growth
VEGF

naczyniowego

factor



2. Analiza bibliometryczna cyklu prac stanowigcych rozprawe doktorska

1. K. A. Szychowski, U. E. Binduga, K. Rybczynska-Tkaczyk, M. L. Leja, J. Gminski.
Cytotoxic effects of two extracts from garlic (Allium sativum L.) cultivars on the human
squamous carcinoma cell line SCC-15. Saudi Journal of Biological Sciences, 2018, 25
(8): 1703-1712

(IF2018=2,280; Liczba punktow MNiSW= 25 (100) pkt.*)

2. U. E. Binduga, A. Kope¢, J. Skoczylas, K. A. Szychowski. Comparison of the
Cytotoxic Mechanisms of Different Garlic (Allium sativum L.) Cultivars with the
Crucial Involvement of Peroxisome Proliferator-Activated Receptor Gamma.
International Journal of Molecular Sciences, 2025, 26 (1): 387

(IF2023=4,900; Liczba punktow MNiSW=140 pkt.)

3. U. E. Binduga, K. A. Szychowski, Current state of knowledge on the anticancer
properties of polyphenolic compounds from garlic (Allium sativum L.) — publikacja

w recenzji
(IF2023= - ; Liczba punktow MNiSW= - pkt.)

Sumaryczna warto$¢ IF prac sktadajacych si¢ na rozprawe doktorska: 7,180

Sumaryczna ilo§¢ punktéw MNiSW prac sktadajacych si¢ na rozprawe doktorska: 165
(240)* pkt. Praca w recenzji nie zostata uwzgledniona w zestawieniu.

Przedstawione wartosci wskaznika Impact Factor (IF) odpowiadaja dacie opublikowania

pracy lub bazuja na najnowszym, dostgpnym wskazniku IF dla danego czasopisma.

*W 2018 roku obowigzujaca skala punktowa miata maksymalng warto$¢ 50 pkt, obecnie

czasopismo Saudi J Biol Sci. posiada 100 pkt



3. Publikacje wchodzace w sklad cyklu prac
Publikacja 1

Saudi Journa! of Buologkal Scences (2015) 25, 17031712

King Saud University
Saudi Journal of Biological Sciences

www ksuedu sa
www sciencedirect. com

ORIGINAL ARTICLE

Cytotoxic effects of two extracts from garlic @) crort
(Allium sativam L.) cultivars on the human
squamous carcinoma cell line SCC-15

Konrad A. Szychowski ", Urszula E. Binduga *, Kamila Rybezynska-Tkaczyk ",
Marcin L. Leja”, Jan Gminski®

* Depariment of Public Health, Dictetics and Lifesiyle Disorders. Faculty of Medicine, University of Information Technology and
Management in Rzeszow, Suoharskiego 2, Reeszow 35-225, Poland

" Depariment of Environmental Microbiology, Laboratory of Mycology, University of Life Sciencer, Leszczyiiskiego 7, Lublin
20069, Poland

Received 30 March 2016; revised 3 July 2016; accepted 5 October 2016
Available online 12 October 2016

KEYWORDS Abstract  Garlic (Al sarivi L., Alliacese) has acquired & reputation as # therapeutic agent
Gatlie: and herbal remedy to prevent and treat several pathologies. The xim of the present stady was 1o
SCC-1% determine the effect of two Aliwm yarivwm L. oultivars, Hornas and Morado, on reactive oxyses
Alliiom sativewns species (ROS) production, viability and apoptotic process in human squamous carcisoma cell line
Cytataucty, SCC-15. The experiments were conducted on SCC-15 cell line exposed 10 Increasing concentrations
ROS; of garlic extracts of 0.062, 0.125, 0.250, 0,500 and 1000 mg/mL. After the experiments, ROS for-
Apapiosit mation, caspase-3 activity and neutral red uptake were mensured in the cells, and in o collected med-

jum lactute debydrogenuse (LDH) redease was measured. The Spanish cultivar Morado has
demonstrated higher potential 1o stimulate ROS production in SCC-15 cells after u short time per-
jod (6 h) than the Polish cultivar Harnad, However, the Polish cultivar Hamas manifested more
prolonged § il 10 lnte ROS prod n in SCC-15 cells. Both studsed parbic extracts
indwced cytotoxicity on SCC-15 cell line which was probably ROS-dependent. We also determined

Ablvevintions: Caspase, cysteine-aspartic acid protease; DMSO, dimethyl sulfoxide; DPPH', 2,2-diphenydL-picrylhydmzyt, FBS, fetal bovine
serum: H;DCFDA, 2. T-dichlorodihydrofluorescein diacetate; PBS, phosphate-buflered suling; ROS. reactive oxypen species: LDH, lictase
dehydrogamase
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that m SCC-15 cells ln]h concentrations of mulud extracts dil not cause activation of cuspase-3
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1. Introduction Apoploesis Is o physiologically programed mechanism, by

Garhic (Allim sarivum L., Allisceac) has acquired a reputation
as a therapeutic agent and berbal remedy 1o prevent and trest
several pathologlﬂ indudmg microbial infections, allergy,
hyper i hyperch | diabetes, atherosclerosis
and cancer (Bhundard, 2012). Health properties of garlic
d d on its bioacti ds, especially the organosuls
fur pounds which el & dialiyl tnsulfide, s-allyleysteine,
vinyldithiines, allylpropyl  disulfide, ajoene and  allicin
(Rhandari, 2012). In addition 1o those compounds, garkic is
also characterized by phenolic compounds, which have inter-
esting pharmacological properties (Beato et al, 2011,
Muatysank et al, 2015). High pelyphenolic content, a number
of natural antioxidants, and many different bioactive com-
pounds can directly and indirectly enhance the expression of
antioxsdant enzymes, which protect normal cefls (Chen et al |
2013; Pigtkowskn et al., 2013).

Reactive oxygen species (ROS) is a commonly used 1erm
that includes not only oxygen radicals (superoxide andd hydro-
xyT) but also some non-radical derivatives of molecular oxygen
{04) such as hydrogen peroxide (H,02) which can diffuse into
the nucleus and attack DNA, thereby contnbuting to genetic
instability (Halliwell, 1999). The overproduction of ROS dis-
rupts physiological cellulur homeostasis and resulis in npopto-
sis vin the activation of the mitochondrial pathway. It has been
proven that high consumption of foods rich in patural antiox-
wdants or foods which cause increased production of antioxi-
dant enzymes, ssgnificantly reduces the risk of several types
of cancer, including colon, breast, prostate and bladder can-
cers (Curmen Valadez-Vegu et ul, 2013), It has been proven
that garlic extracts and components obtained from garlic bulbs
prevent oxidative modification of DNA, proteins and lpids by
scavenging ROS, increasing the expressson of cellular antioxi-
dant enzymes and enhancing glutathione Jevels inside normal
cells (Amagase, 2006, Bhandar, 2012). As mentioned above,
it is well known that in normal cells gaclic increases ROS
metabolizing enzymes. The mechanism of s action depends
on slight stimulation of ROS production in cells (Wang
et al, 2012). In contrast, many stodies have also demonstrated
that cancer cells exhibit an increased level of ROS, which is the
effect of high metabolic activity, mitochondrial dysfunction,
peroxisome activity, increased cellulsr receptor signaling,
oncogene activity, increased activity of oxidases, cyclooxyge-
nases. lipoxygenases and thymidine phosphosylase (Liow end
Storz. 2010, Peliceno et al, 2004). That property makes them
aspecially vulnezable to an additional increase in the amount of
ROS. For this reason. a stight stimulation of ROS praduction
which is beneficial for normal cells can be fatal for cancer cells.
Up to date only several papers show that in cancer cell lines
garlic extracts can cause ROS-dependent cell death (Aver
et al, 2010, Choi and Park, 2012; Delshad et al, 201¢; Yang
et al., 2009).

which celis die. It is characterized by chromatin condensation,
cell membrane blebbing, and DNA fragmentation. It is well
known that increased intracellular ROS Jkevel triggers apopto-
sis by activating mitochondrial-dependent intrinsic apoptotic
pathway and wsually Jeads to activation of caspase-3.
Caspase-3-dependent apoptosis, is dependent on the concen-
tration, time ol exposure and the composition of the plant
extruct. Garlic extract increases caspase-3 activity in the
human cancer cell lines, such as hepatic (HepG2), colon
(Caco-2), prostate (PC-3), and breast (MCF-7) (Bagul et al.
2015). However, authors show that in each of studied cell lines
different concentrations of garfic extracts sumulated caspase-3
activity. Moreover, it has also been demonstrated that garlic
extracts or garlic components such as allicn or galie sad
couse a caspase-independent cell death (De Martino ot al,
2006; Ji et al., 2009; Park et al, 2005).

Squamous cell carcinomas (SCC) encompass at Jeast 90%
of all oral malignancies and The World Health Organization
expects 0 worldwide nsing oral squamous cell carcinomas
(OSCC) incidence (Massano et al,, 2006), According to some
statisticul data analysis smokers and akohol drinkers are the
group of high risk of this disease (Leite and Koifman, 1998;
Ribeiro et al., 2003). However, OSCC als» frequently occurs
in Western societies in nonsmokers and nondrinkers. OSCC
implies quite significant mortality and morbidity rates, and
In spite of the vast amount of research and the sdvances
accomplished in the field of oncology and surgery, the mortal-
ity rotes remain unchanged (La Vecchia et al, 2004; Massano
el al., 2006),

Therefore the aim of the present study was 10 determine the
involvement of ROS production in the viability and apoptosis
in human tongue squamous carcinoma (SCC-15) cell line after
exposure 10 two Aliwon sarivien L, cultivars, Hamas and
Morado.

2. Materinls and methods
2.1 Reagenis

Trypsin, penicillin, streptomycin, neutral red solution, 2',7'-di
chlorodihydrofiuorescein ducc(nle (H;DCFDA). phosphate-
buffered saline (PBS) without Ca** and Mg®*. hydrocorti-
sone, Hoechst 33342, calcein AM, sodium psruvate, sodium
bicarbonate, fetal bovine serum (FBS), N-ucetyl-L-cysteine
(NAC), staurosporine, Ac-DEVD-CHO (caspase-3 inhibitor),
hydrogen peroxide (HyOu) and dimethy] sulloxsde (DMSO)
were purchased from Sigma-Aldrich {St. Lowss, MO, USA),
The DMEM/F12 (1:1) medium was purchased from ATCC
(Manassas, VA, USA) Cuspase-3 substrate (Ac-DEVD-
pNA) was purchased from Calbiochem (Merck Corporatson,
Darmstadt, Germany). The LDH-based cyvtotoxicity detection
kit was purchased from Roche Applied Science (Mannheim,
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Germany). H;DCFDA, Hoeclist 33342, calcein AM and stau-
rosporine stock solutions were prepared by dissolving the com-
pounds in DMSO. Plant extracts were dissolved in ethanol.
The final concentration of ethanol in the culture medium
was always 0.1%.

2.2, Propavation of Allivm sativum L. bl extracts

Polish and Spanish garlic cultivars were kindly donated by
Krzysztof Markiewicz from Markie-Pol company (Dgbrawka
Wielka, Poland). Aqueous extracts [rom raw garlic were pre-
pared accordhing to 4 previously described procedure (Lemar
et al, 2002). 10g of peeled garlic cloves were mixed with
100 ml distilled water and crushed using a blender on an ice
bath, Afterward the extracts were incubated for 30 min at
2°C and centrifuged for 10min at 3%00g. Collected super-
natants were passed through a 0,22 pm filter (Merck Millipore)
10 stenlize the extruct, The extructs were stored in aliquots at
-20°C,

2.3, Cell cultiere with plant extract treatment

The human tongue squamous carcinoma cell line SCC-15
(ATCC CRL-1623) was obtained from American Type Cul-
ture Collection (ATCC, distnbutors: LGC Standurds, Lomi-
anki, Poland). SCC-15 cells were maintained in DMEM/F12
I:1 medium containing 1.2 ¢/'L sodium bicarbonate, 2.5 mM
L-glutamire, 1S mM HEPES, and 0.5 mM sodium pyruvate
supplemented with 400 ng/mL hydrocortisone. and 10% fetal
bovine serum (FBS). Cells were maintained at 37°C in o
humidified atmosphere with 5% €O, Cells were seeded in
96-well culiure plates {Costar, St. Louis, MO, USA) ar a den-
sity of 8 % 10" (for the 6k treatment), 6 x 107 (for the 24k
treatment) or 4 = 10 (for the 45 b treatment) per well and ini-
tinlly cultured before the experiment for 24 h. Subsequently,
the medium wis changed 1o i fresh one with rising concentra-
tions of extracts from two garhic cultivars (Alum sativum L)),
the Polish cultivar Harnaé and the Spanish cultivar Morad

(0.062, 0,125, 0.250, 0.500 and 1.000 mg/mL). Additionally,
after 24 b the addivon of 10 pM (NAC) ROS scavenger was
used 1o confirm the imvolvement of garlic extract-stimulated

ual DCF and plant extracts to redoce the fluorescence back-
ground. As is recommended (Seychowski and Wojtowicz,
2016), we examined whether plant extracts without cells
aflected the Auorescence of the HaDCFDA, Cells treated with
0.3% hydrogen peroxsde (H;0;) was used as a positive con-
trol. DCF fluorescence was mensured using a microplate
reader (FilterMax F5) at maximum excitation and emission
specira of 485 nm and 535 nm, respectively,

2.3, LDH release cyraroxicity assay

The cytotoxicity detection kit is a colorimetrc assay for the
quantification of cell death and cell lysis based on the release
of LDH from the cytosol of damaged cells into the surround-
ing medium. An increase in the amount of dead or plasma
membrane-damaged cells results in an increase in LDH activ.
ity in the culture medium. After 6, 24 and 48 b of trestment
with two extracts of garlic cultivars (0.062, {1125, 0.250,
0500 und 1000 mg/mL), 100 uL of calture supematants were

llected and incubated in the mixture from the kit
After 30 min. the reaction was stopped by adding | N HCI,
and the absorbance at a wavelength of 490 nm was measured
using the FilterMax F3 Mult:-Mode microplate reader (Molec-
ulur Devices, Corp.. Sunnyvale, CA, USA).

2.6. Neutral red uptake cytotoxicity assay

The number of viable cells in experimental condition was eval-
uated using neutral red uptake test, This method is based on
the ability of viable cells 10 incorporite and bind the supravital
dye I red i the ly N | Red Uptake cytotox-
icity assay is commonly used to study the viability of i virro
cultured primary cells 25 well as cell lines of diverse origin
(Repetio et ul, 2008). Afer 6, 24 and 48 h of exposure to
two extracts of garlic cultivars (0.062, 0,125, 0,230, 0.500 and
1.000 mg/mL) the culture medium was removed und the cells
were incubated for 21 an 100 yl. DMEM/F12 ():1) containing
1% FBS and 10% peutral red, Each well was washed with
150 ul. PBS and mcubated with 100 pl, of acidified ethanol
solaton (S0% ethanol, 1% acetic acid, 49% H,0) for 5 min
al room lemperature, on a rotating platform. The absorbance
was d at 2 wavelength of 540 nm using FilterMax F3

ROS preduction and to  d ROS-depend
cytotoxsaty.

2.4, Measarenwent of reactive oxygen species formation in SCC-
15

The fluorogemic dye HyDCFDA was used 1o detect intracellu-

Muiti-Mode microplate reader (Mokscular Devices, Corp.,
Sunnyvale, CA, USA).

2.7, Casparse-3 acnvity

Caspase-3 activity was used as a marker of cell apoptosis and
was d according to Nicholson et al. (1995), After 6, 24

tar ROS. After diffusion into the cell, H:DCFDA was deacety

lated by ceflular esterases into a il pound
that wis subsequently oxidized by ROS into 2,7 -dichlorofluor
escein (DCF) (Gomes et al,, 2005), To determine the ability of
the oblained s to md ROS production in human
squamouy carcinoma cells, 10 pM H.DCFDA was appled,
The cells were incubated in HyDCFDA in serum-free
DMEM/FI2 (1:]1) medium for 45 min before the treatment
with extructs. Afler 6, 24 or 45 h of incubation of the cells with
plant extructs (0.062, 0.125, 0.250, 0.500 and 1.000 mg/mL),
(3% €Oy at 37 °C), the culture medium was repliced with &
fresh DMEM/F12 (1:1) medium to remove extracellular resid-

and 48 h experiments with two extracts of garlic cultivars
(0,062, 0,125, 0.250, 0.500 and 1000 mg/mL). the medium
was removed and cultured SCC-1 5 cells were fyzed using fysis
buffer (30 mM HEPES, pH 7.4, 100 mM NaCl 0.1% CHAPS.
I mM EDTA, 10% glycerol, und [0 mM DTT) in 10 °C for
10min. The lysates were incubated with the caspase-3 sub-
strute Ac-DEVD-pNA at 37 *C. Cells treated with | pM stan-
rosporine were used a5 & positive control. 10 uM of highly
specific, potent inhibitor of caspase-3 Ac-DEVD-CHO was
usex 1o control caspase-3 assay, After 30 min, the absorbance
of the lysates at 405 nm was measured using o microplate
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reader (FilterMax F5 Multi-Mode microplate reader). The
amount of the colonmetric product was continuously moni-
tored for 120 min. The data were analyzed using Multi-
Mode Analysis software (Molecular Devices, Corp., Sunny-
vale, CA, USA) and were normalized 1o the absorbance in
vehicle-treated cells.

28. Cell praining

Hoechst 33342 and caleein AM staining was performed to
measure apoptotic bodies formation and intrscellular esterase
activily i SCC-15 cell cultures 24 h after an initial treatment
with 0.250 mg/mL of extracts from the Polish cultivar Harnas
and the Spanish cultivar Morado, Hoechst 33342 bounds 1o
the DNA fragments and the apoptotic bodies formed, emits
blue fluorescence. The living cells show esterase activities that
are visualtzed by calecin AM as green-fluorescent light. There-
fore, this staining B used (o show the apoptosis, metabolism
and cell viability (Szychowski et al,, 2015). To block esteruse
activity present in the growth media, the cells were washed
with PBS. The cells grown on glass cover slips were then incu-
hated in 10 pM Hoechst 33342 and 4 pM cakein AM in PBS at
37 °C in an atmosphere of 5%/C0,95% for 10 min. A luores-
cence microscope (LSM 700, ZEISS) was wsed o visualize the
siained cells.

2.9. Saristical analysis

The data are presented as mean £+ SEM of four independent
experiments. Each trestment was repeated apght times
(N = 8) and me ! in quadruplicate; thus, the total num-
ber of replicates was 32, The average of the quadruplicate sam-
ples was used for satistical analyses. Statistical analysis was
performed on the orginal results Considening the different
data from the measurement of fluorescence or ahsorbunce,
the results were p ted as p ge of Is. The data
weee analyzed via one-way analysis of varionce (ANOVA) fol-
lowed by Tukey's multiple comparson  procedure.
p<000l, “p<00), and "p <005 vi the control
cultures,

3. Resules

2.1 Effect of extracts from gavlic { Al sativim L) cultivars
o ROS fovmarton in SCC-13 cell line

After 6 h of exposure of SCC-15 cells to the extruct from the
Polish garlic { Alium sativum L. ) cultivar Harmnai, ROS forma-
tion signibicantly increased pared 1o | in e
uons of 0,125, 0.250, 0.500, and 1.000 mg/mL (the increase
compared 1o control by 33,38, 16181, 25552, and 240.99%,
respectively). A similar effect was observed in cells treated with
the extract from the Spanish cultivar Morado, in concentra-
tions of 0.062, 0.125, 0250, 0.500, and 1.000 mg/mL (the
increase compared to control by J248, 179.79, 273§,
208.93, and 217.39%, respectively) (Fig. 1A)

After 24 b of exposure of SCC-15 cells to the extract from
the Polish garlic cultivar Harnas, ROS formation increased
sgnificantly pared to 1 in ations of 0,250,
0.500, and 1.000 mg'mL (increase compared Lo control by

mm’
(% of control)
#F &

mma
IS of cantrel)
333

&

&

ROS prodheten o
% of cortnth
-

2

Figure | Effect of mcreasing concentrations {0062 mg/'mL,
0125 mg/mL, 0.250 mg/mL, 0.500 mg/mL and 1.000 mg/mkL) of
extracts from the Polish cultivar Hurnud and the Spanish cultivar
Morado on ROS formsation in SOC-15 cells after 6 h {A), 24 h (B)
and 48 h (C). Hydrogen peroxide treated cells were used a8
positive control. The data are expressed as mean + SEM of [oar
independent  experiments, each of which consisted of eight
replicates per treatment group. ~ p < 0.00 and "p < 0001 va.
e control.

236.71, 220,05, and 170.99%, respectively) In cells treated
with the extract from the Spanish cultivar Morado in the con-
centeations of 0,125, 0220, 0.500, and 1,000 mg/ml., and the
increase in ROS formution was observed as compared to the
control celis by 95.67, 53.60, 40,82, and B162%, respectively
(Fig 18).

After 48 b of exposure of SCC-13 cefls to the extract from
the Polish garlic cultivar Harmad, ROS formation still
remained at a high Jevel compared to the control cells in con-
centrations of 0.250, 0.500, and 1.000 mgmL (the increase
compared to control by 177,66, 150.22, and 157.05%, respec-
tively), However, in the cells treated with the extract from
the Spamsh cultivar Hamas, oaly the highest concentrution
(1.000 mg/mL) increased ROS formation compared to the con-
wol cells by 55.48% (Fig 10),
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Figure 2 Effect of increasing concentrations (0.062 mg/mL,
0.125 mg/'ml., 0.250 mg/ml., 0.500 mg/mL and 1000 mg/mL) of
extructs from the Polish cultivar Harnas and the Spanish cultivar
Morado on the LDH refease in SCC-15 ceils after 6 b (A), 24 h (B)
and 48 h (C), The data are eapressed as mean £ SEM of four
independent experiments, cach of which consmsted of eight
replicates per treatment group. p < 005 p < 001 and
“p < 0001 v the control,

Additionally, the separated experiment showed that there
were no interactions between plant extracts and H,DCFDA
substrate in DMEM/F12 medium.

3.2. Effect of exieacts from Al savivuen L. cwltivars on the
lactare delydrogenase releare in SCC-15 cell line

In SCC-15 cells, after 6 b of exposure to the extract from the
Polssh garlic (Alinm sativun L) cultivar Harnad, LDH release
increased compared to control in concentrations of 0400, and
1,000 mg/mL (the increase compured to control by 24,65, and
12.72%, respectively). A similar effect was observed in cells
treated with the extract from the Spanish cultivar Morado in
concentrations of 0.500, and 1.000 mg'mL {the increase com-
pared to control by 23.42 and 13.97%, respectively) (Fig 2A),

After 24 h of exposure (o 0.250, 0.50¢ and 1.000 mg/mL of
the extract from the Polish garlic cultivar Harnas, LDH release

wias mereased compared to vehicle control (increase by 25.27,
66.89, and 26.13%, respectively). Similarly, 0250, 0.500 and
1.000 mg/mL of the extract from the Spanish garlic cultivar
Morado caused the increase in LDH release compared 1o the
vehicle control (the increase by 4574, 52,43, and 17,59%,
respectively), (Fig 2B).

Afler 48 b of exposure to 0.125, 0.250, and 0.500 mg/mL of
the extract from the Polish gachic cultivar Harnas, the LDH
release was increased compared to vehicle control (the increase
by 53,34, 141.2], and 245.73%, respecuively). Similarly, 0,123,
0.250, and 0.500 mg/mL of the extract from the Spanish garlic
cultivar Morado caused the increase in LDH release compared
to the vehicke control (the increase by 9503, 146,43, and
23,90%, respectively), (Fig. 2C).
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Figure 3 Effect of increasing concentrations (0.062 mg/ml.
0125 mg/ml, 0.250 mg/mi, 0,500 mg/mL and 1.000 mp/mL) of
extracts fram the Polish cultivar Harmad and the Spanish cultivar
Morado on the Neutral Red uptake in SCC-15 cells after 6 b (A),
24 h (B) and 48 | (C). The data are expressed as mean = SEM of
four independent experiments, each of which consisted of eight
replicates per treatment group. p < 008 “p < 001 amd

p < 0.001 vs the control.
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1.3, Etfect of extracts from Alliwn sativien L, cuwltivars on the
Newrral Red wptake in SCC-I5 cell line

Neutral Red assay revealed that afler 6 h of exposure only the
highest concentrations of studied extracts affect the viability of
SCC-15 cells. The extract from the Polish garlic cultvar Har-
nas in the concentrutions of 0.500 und 1.000 mg/'mL, decreased
the uptake of neutral red compared with vehicle control by
23.43, und 32.05%, respectively, Similar cffects were observed
in case of the exposure to 0.500 and | 000 mg/mL extracts
from the Spanish garlic cultivar Morade. Neutral Red uptake
decreased compared to the vehick control by 2529, and
31.07%, respectively (Fig. 3A).

After 24 h a decrease in cell viability was induced by 0.250,
0,500 and 1,000 mg/mL of the extract from the Polish garlic

g
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8
-

Cormt
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0.025 ghri.
g
e
3 008 regire.

848 1L
: -
=
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Figure 4 Effect of Increasing concentrations (0.062 mg/'mL.
0125 mg/ml, 0,250 mg/mL, 0.500 mg/mL and 1 000 mg/mi) of
extracts from the Polish cultivar Harnas and the Spanish cultivar
Mormdo on the caspase-3 activity in SCC-15 cells after 6 1 (A),
24 h (B) and 48 h (C) Staurosporine treated oclls were used os
po&nnv control. The data arc expressed as meun = SEM of four
i each ol' which ounsmcd of aght
“p <001 and

replx.-.ua per lmtmml group, p < 0.05;
“p < 0001 vs. the control.
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cultivar Harnas, the uptake of Neutral Red decrensed com-
pared with vehicke control by 19.61, 48.53, and 46.32%, respec-
tively. Similar effects were observed in case of the exposure to
0:250, 0.500 and 1.000 mg/mL of the extracts from the Spanish
yarlic cultivair Morado, Neutral Red uptake decreased com.
pared to the wehicle control by 1494, 43.26, and 37.91%.
respectively (Fig. 3B),

After 48 h of exposure of SCC-15 cells to 0,250, 0,900 and
1.000 mg/mL of the extruct from the Polish garlic cultivar Har-
nak, the uptake of Neutral Red decreased compared with vehi-
cle control by 21.02, 31.89, and 43.50%, respectively. Similar
effects were observed in exposure 1o 0.250, 0.200 aad
1000 mg/mL of the extract from the Spanish garbic cultivar
Morado. Neutsal red uplake decreased compared 10 the vehi-
cle control by 15.79, 41.68, and 40.61%, respectively (Fig. 3C).

3.4, Effect of extracts from Alltwm sativem L. cultivares o the
caspase-3 activity it SCC-15 cell line

Assay for caspase-3 activity revealed that after 6 and 24 h of
exposure to both studied garlic extracts activity of caspase-3
was not affected (Fig 4A, B).

After n 48 h treatment of SCC-15 cells with gardic extract of
Polish cultivar Harnas, 1,000 mg/mL of the extract decreased
caspase-3 activity compared with the vehicle control (the
decrease by 26.98%), In cells exposed to the extract from the
Spunish cultivar Morado, 0062 mgmL, extract increased
caspase-3 activity compared to control by 27.07%. However,
the in the ¢ of 0.500 and 1.000 mg/mL
caused the reduction of caspase-3 activity compared with the
control by 37.50 and 15.62%, respectively (Fig. 4C),

3.5, Effect of extracts from Alllum sativan L. eultivars n co-
treatment with ROS scavenger NAC

After 24 h of exposure the SCC-15 cells to 0,250 mg/mlL. of
extracts from the Polish cultivar Harnad or the Spanish culti-
var Momdo the effects on the ROS production, the LDH
release and Neutral Red uptake was reduced by ROS scav-
enger (NAC) (Fig. SA-C), We did not observed any effect of
studied garlic estracts on caspase-3 activity with or without
ROS scavenger (Friz. 5D).

4. Effect of garlic extracty on Hoechst 33342 and calcein AM
staining in SCC-15 cell cultwres

To ascertam whether apoptoss was induced und to assess the
viability of the celis, the h i cells
were stained with Hoechst 33342 and calcein AM The apop-
totic bodies appeared us bright blue fragmented nuckd that
showed condensed chromatin, which is typical for apoptotic
cells, Living cells had a light green-fluorescent eytoplasm. In
the control cultures containing the vehicle or control with
10 gM NAC, healthy cells with intact nucler and preen-
luorescence cytoplasm were predominant (Fig 6A-D respec-
tively). The lack of apoptotic bodies, the lack of reduction of
green fAuorescence, and the reduction of cell number were
observed after 24 h of the exposure 1o 0.250 mg'mL of the
extracts from the Polish cultivar Harnas and the Spanish cul-
tivar Morado (Fig. 6E, F and 1, J respectively). Co-treatment
with 10 uM NAC, und 0.250 mg/mL of Polish cultivar Harnaé
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Figure 3 Effect of 0250 mg'mL of extracts from the Polish cultivar Hamus und the Spanish cultivar Morado with/'without ROS
scavenger (NAC) on the ROS production (A), LDH release (B), Neutral Red uptake (C) and caspase-3 activity (D) in SCC-15 cells afier
24 h of exposure. Biack burs represent cells treated with phnl extructs or 100l compounds alone. White bars represents cells in co-
treatment with plant extracts and NAC, Hydrog § cells were used as positive control for ROS, LDH, Neutral Red

S ine 1 cells wore used as pmulm: control Tor caspase-3 sctivity. 10 pM of Ac-DEVD-CHO potent inhibitor
of caspase-3 was uwsed a8 conirol in caspase-3 assay. The dau are expressed s mean & SEM of four independent experiments, euch of

which consssted of eight replicates per treatment group, — p < 0.01 and

s < 0001 va. the calls without NAC

or 0.250mg'mL of Spanish cultivar Morado showed the
increase in cell number and did not affect the DNA fragmen-
tation or cell viability (Fig. 6G, H and K, L respectively).

4. Discussion

Our study for the first time examined the impact of extracts
from two cultivars of garfic (Al sarivem L.): the Polish cul-
tivar Harnaé and the Spanish cultivar Morado on human
squamous carcinoma (SCC-15) cell line.

Since the production of ROS is considered one of the prin-
cipal mechanisms of cytotoxicity, the first stage of the con-
ducted research was 10 investigate the impact of extructs
from two garhic cultivars on ROS production in SCC-15 cell
line. The obtaned resufts showed that both plant estracis
caused a significant increase in ROS production. ROS produc.
tion increased after 6 b of exposure to (1125 mg/mL extract
from the Harnaé cultivar and 0.062 mg/mL exteact from the
Morado cultivar. After 24 and 48 h. the ability 1o generate
highs level of ROS remamed only for the Harnaé cultivar, but
decreased in the case of the Morado cultivar. Up to date sev-
eral papers show that in cancer cell lines such as human colon
adenocarcinoma  (H129), human Jeokemia (U937), human
colon cancer cell line (Colo 205), and mouse chronic myelo-

"p < 0001 vs. the control *p < 0,05, *p < 0.01 and

cytie Jeukemis (32Dp210), garlic extracts caused ROS-
dependent cell death (Avei et al, 2010; Choi ond Park, 2012:
Delshad et ol 2010; Yang et al, 2009). On the other hand,
several studies reported antioxidant properties of dilTerent gar-
bic cultivar extracts (Narendhirakannan and Rajeswari, 2000,
Othmun et af, 2001). In the above mentioned papers authors
used 2.2-diphenyl-1-picrylhydrazy] (DPPH} assay 1o deter-
mine free radical scavenger propertics of plant extracts in
fn vitro cell-free model. That model provided important datn
but should be considered in comparison with a cell culture
madel, Generally, it is believed that conients of phenoli: com-
pounds are able to scavenge endogenous ceflular ROS. How-
ever, in living cells those compounds can also exhibit pro-
oxadant action and m that way increase expression of ROS
metabolising enzymes and protect cells for n longer period of
time against ROS. Those properties of compoands from garlic
extracts may play an important role in cancer therapy by acti-
valing apoptotic processes where the basal Jevel of ROS is
already very high (Hadi er al., 2000; Spencer et ul., 2007). A
study conducted on the SH-SYSY cell line showed that Aflium
sartwam extract itselfl induced ROS production but in co-
administration with 6-hydroxydopamine (&-OHDA) profected
cells from ROS induced by 6-OHDA (Kobds et al. 2011).
Furthermore, the protective effect of garle extracts was

12
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Figure 6

calcein AM staining in cultures of SCC-15 cells examined 24 h post

Effect of 0.250 mg/ml, of extracts from the Polish cubtivar Harnas andd the Spanish cultivar Morado oa Hoochst 33342 and
catment. (A) Control cells stained with Hoechst 33342; (B) Controd

cells suained with calesin AM; (C) Cells treated with 10 yM of NAC stained with Hoechst 33342, (D) Cells treated with 10 pM of NAC
stained with caleein AM; (E) Cells treated with 0.250 mg/ml. of extracts from the Polish celtivar Hornat stained with Hoechst 33342; (F)
Cells treated with 0,250 mg/ml. of extracts from the Polish cultivar Hamas stained with calcein AM; (G) Cells treated with NAC and
extracts from the Polish cultivar Hamas siained with Hocchst 33382; (H) Cells treated with NAC and extracts from the Polish coltivir
Hurnas stained with caleein AM; (1) Cells treated with 0.250 mg'mL of extracts from the Spaaish cultivar Morado stained with Hoechst
33342; (1) Cells treated with 0250 mg/mi of extracts from the Spanish cultivar Morado stained with caleein AM; (K) Cells trested with
NAC and extracts from the Spanish coltivar Momdo stained with Hoechst 33342; (L) Cells treated with NAC and extracts from the
Spanssh cultivar Morado stained with cakcein AM; Cells with light-colored cytoplasm were identified as live cells, Cells with brighe,
fragmented nucle: containing condensed chromatin were identified as apoptotic. Photomicrographs are shown pt 200x magusfication

accompanied by activation of the nuclear factor erythroid 2-
reluted fuctor 2 (N2 antioxidant response element (ARE)
pathway and the increase in mRNAs of heme oxypenase-!
and NADNPIH quinone oxidoreductase 1, The two enzymes
are imporiant in the cellular antioxadant system. Those results
indicated that garlic extracts protecied cells from ROS damage
by not only capturing ROS directly but also activating the cel-
lular antioxidant system by stimulating antioxidant gene
exprassion via the Nrf-ARE pathway (Kohds e1 el 2013)
Similar results are described by Peng et al, (20025 where garlic
extracts protected rat pheochromocytoma (PCI12) cell line by
amylood B peptade ROS-dependent apoptosis. For now, mech-
antsms of the protective action of garlio extracts in normal cells
are well decumented in different cell culiure models (Colin
ddez et al., 2012; Shouk et al., 2014)

T'o determine the type of cell death caused by parlic
extracts, two different methods for detection of cytotoxicity
and apoptesis were used. Our results showed that one of the
maost popular methods used for detection of cytotoxicity, mea-
sured by LDH release indicased that after 6 and 24 h both gar-
lic extracts in range from 0250 mg/mL 10 1.000 mg/'mL are
cytotoxic. Interestingly, nfier 48 h garlic extracts stimulated
LDH redease from the lower concentration (0.125 mg/ml.)

Gor
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while the highest concentrations of garlic extracts did not
cause cytotoxic effects. The phenomenon can be explain by
the fuct that the highest concentrations of extracts can guickly
reduce cell numbers, which was confirmed by the pictures from
calcein AM and Hoechst 33342 staining Morcover, LDH
released 1o a culture medium by high cytotoxic concentrations
of plant extracts can quickly be decomposed, which is well doc-
umented (Ris and Moravec, Z004). Another explanntion, is
that 3 high concentration of plant extracts inhibits LDH activ-
ity. For now, some studies showed that garlic extracts alone
compared to control also caused increased LDH release (Ide
und Lau, 2001, 1999)

The second sssay for determimation of cytotoxicity or pro-
liferation (Neutral Red uptake) reveated that indeed the cells’
number was decreased, which was a result of high cyvtotoxx
properties of garlic extracts in cancer SCC-15 cells, Results
similar to ours were obtained by Siegers ¢ al (1999) where
garlic extracts inhibited cancer proliferation measured by Neu-
tral Red assay in a concentration of 0.330 mg/ml on HepG2
cells, and 0480 mg/mL on Caco-2 cells (S 1999)
Dus 1o different sensitivity of the method used, neutral resl
assiy showed that cytotoxicity started from higher concentra-
tions than in LDH release assay
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As was mentioned in introd the in: d intracellu-
lar ROS level triggers apoptosis by activating mitochondrial-
dependent intrinsic apoptotic pathway and usually leads to
activation of caspase-3. Our results showed that both studied
garlic extracts did not stimulate caspase-3 activity after 6 and
24 h of exposure. Lack of apoptosis was confirmed by Hoechst
33342 stainimg which did not shown apoptotie body formation,
Furthecmore, our results showed that only one (0.062 mg/ml.)
concentration of extract from the Spanish garlic cultivar Mor-
ado caused an increase in activity of caspase-3. Similar resulis
were obtained by Su et al, (2006) who showed that concentra-
tions of 0,0005-0,002 mg/mL of garhic extracts caused caspase-
3 dependent apoptosis in Colo 205 cell fine (Su et al, 2006).
Moreover, Kim ¢ al (2012}, showed that 10X ug/mL
(0.1 mg/mL) of hexane extracts of gardic cloves induce apopto-
sis through the generation of reactive oxygen species and acti-
vation of caspase-3, caspase-8, and caspase-9 in Hep3B cells
after 48 h of exposure (Kim et al., 2012). In our study the high-
o3t concentrations of extracts of both studied garhe cultivars
significantly decreased caspase-3 activity. This decrease in
caspase-3 activity is probably & result of high cytotoxicity of
the studied extracts on human squamous carcinoma cells and
reduced cell number, Similar results were reported by Avo
et al. (2010) where chronic myelocytic leukemia cells
(32Dp210) exposed to 0.4% garlic extract died by apoptosis,
but in high concentration extracts (1%) cells died in a non-
apoptotic way. Furthermore it has been proven that a range
of 0.030-0.100 mg/mL of allicin, which is & major component
of garlic extract, induced cospase-independent wpoptosis in
human gastric carcinoma cell line (Park et al., 2005). In our
experiments high concentrations of garhic extract definitely
contains a lot of allicin, which could be the explanation of
the lack of caspase-1 activity. Similar to our results, De
Martino et al, (2016) showed that the aqueous garlic extract,
supplemented with copper, enhanced anti-proliferative and a
caspase-independent apoptotic activity in HepG2 cancer cell
line (D Martino ¢t al, 2016).

To confirm the involvement of ROS in the garlic-induced
cylotoxacity we performed experiments with NAC ROS scav-
enger. As previows stddies indicated, ROS.depsndent cell
death is postponed in time (Delshad et al., 2010}, Therefore
for studies of mechanism of cytotoxicity and apoptosis we
chose a 24-h time peried. In our expeniments the addition of
10 pgM NAC reduced garicstimulated ROS production,
Moreover, NAC protects SCC-15 cells by cvtotoxic effects of
both studied garlic extracts, which supports hypothesis that
garhic extracts cause ROS-dependent cytotoxicity.

5. Conclusion

We have found that the gaclic Polish cultivar Hamaé mini-
fested more prolonged potential to stmulate ROS production
in human squamous carcinoma (SCC-13) cells. Both studied
garlic extracts stimulated ROS-dependent cytotoxicity on cell
line SCC.15. We have determined that the highest concentra-
tions of the studied extructs did not cause activation of
caspase-3 charactenistic for apoptosls. Furthermore, our
results showed that the cytotoxicity caused by studied concen-
trations of both garlic extrsets in cells SCC1S is mainly ROS-
dependent.
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Abstract: Garlic (Allium sativunr L) is one of the oldest known useful plants, valued for
thousands of years. This plant contains many biologically active compounds, including
polyphenols, sterols, cysteine-sulfoxides, carbohydrates, proteins, and amino acids. The
aim of our study was to compare the antioxidant potential, cytotoxicity, and apoptosis
induction properties of four garlic cultivars—Hamag¢, Ornak, Violeta, and Morado—in
human squamous carcinoma (5CC-15) cells, colon adenocarcinoma (CACO-2) cells, and
normal fibroblasts (B)). Additionally, we investigated the mRNA and protein expression
of peroxisome proliferator-activated receptor gamma (PPARYy), microtubule-associated
protein 1 light chain 3 (LC3A), superoxide dismutase 1 (SOD1), and catalase (CAT) after
treatment with the studied garlic extracts. Our study demonstrated that high ROS pro-
duction was correlated with the strong toxicity of the garlic extracts. All studied extracts
produced a lesser increase in ROS in normal Bf fibroblasts and were less toxic to these cells.
The expression patterns of PPARy, LC3A, SOD1, and CAT, along with chromatographic
analysis, suggest differing mechanisms among the garlic cultivars. The highest levels of
catechin, a known PPARy agonist, were detected in the Harnas (3.892 pg /mL) and Omak
(3.189 pg/mL) cultivars, A high catechin content was correlated with similar changes in
PPARy and related SOD1 and LC3A, Our findings showed the health-promoting and anti-
cancer properties of garlic. However, we could not definitively identify which polyphenol
or how it is involved in PPARy activation. Further studies are required to elucidate the role
of PPARY in the mechanism of action of garlic extracts.

Keywords: Allium sativum L.; toxicity; PPARY; apoptosis; catechin

1. Introduction

Garlic (Allive sativum L.) is one of the oldest plants known to man, having been used
for thousands of years. Currently, it is cultivated in most countries within the temperate
zone [1). Garlic, a member of the Amaryllidaceae family, is included in the group of natural
food products known as ‘superfoods’. This term reflects not only its value as a spice but also
its wide range of health-promoting effects [2}. Garlic contains various minerals, including
vitamins C and B6, as well as numerous biologically active substances [3]. Its health
benefits result from bicactive compounds such as polyphenals, sterols, cysteine sulfoxides,
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carbohydrates, proteins, and amino acids [4]. These compounds are responsible for garlic’s
potent antibacterial properties against both Gram-positive and Gram-negative bacteria,
including antibiotic-resistant strains [5]. Garlic also exhibits antiviral [6), antifungal [7],
and, according to some studies, selective cytotoxic properties against cancer cell lines [8].
Moreover, recent studies show that garlic extracts reduced the progression of tumours in
animal models and suppressed cancer cell groswth [9].

Reactive oxygen species (ROS) are natural by-products of cellular oxidative
metabolism [10]. In normal cells, ROS have numerous physiological and pathological
functions. However, cancer cells possess a fragile ROS balance and are highly sensitive to
disturbances, a phenomenon utilised in cancer therapeutic strategies [11]. Garlic polyphe-
nols are a major group of substances responsible for the antioxidant and health-promoting
properties of this plant [12]. In normal cells, garlic polyphenols can directly affect ROS
levels or indirectly influence the production of antioxidant enzymes, resulting in long-term
beneficial effects [13]. Conversely, in cancerous cells, garlic extracts have been shown to
induce toxicity through ROS-dependent pathways [14].

Peroxisome proliferator-activated receptor gamma (PPARY) is a master regulator of
adipogenic differentiation and cell metabolism [15]. However, PPARy and its ligands
are also involved in cell differentiation, autophagy, antioxidant enzyme production, and
apoptotic cell death [16]. Numerous studies have shown that PPARYy is essential for the
proper activation of inflammatory processes and the regulation of antioxidant enzymes
such as superoxide dismutase 1 (SOD1) and catalase (CAT) [16,17]. Moreover, both SOD1
and CAT are reportedly influenced by garlic extracts [17,18]. Similarly, reports suggest
that biologically active compounds in garlic induce autophagic cell death involving LC3
protein in the human liver cancer (HepG2) cell line [19], a process that can also be partially
regulated by PPARYy. To date, only a few studies have indicated that aged garlic extract,
alliin (a garlic organosulfur compound), or garlic-denved diallyl disulfide may affect
PPARY molecular pathways in different cell culture models [20-22], However, there is a
lack of studies examining the role of PPARY in apoptosis and toxicity after exposure of
cancer cell lines to whole garlic extract, as well as comparisons with normal cell lines as
controls. According to literature data, polyphenols that can be detected in garlic, such
as, inter alia, catechin, quercetin, and kaempferol, can be full or partial PPARy agonists.
Therefore, it is likely that the tested extracts will activate the mentioned receptor,

The aim of our study was to compare the antioxidant potential, cytotoxicity, and
apoptosis-inducing properties of four garlic cultivars in the human squamous carcinoma
(SCC-15) cell line, colon adenocarcinoma (CACO-2) cell line, and normal fibroblast (Bj) cell
line. Due to different growth and climate conditions, in our study the two garlic cultivars
from Poland (Harna$, Omak) and two garlic cultivars from Spain (Violeta and Morado)
were selected for analysis, We also evaluated the expression of selected genes and proteins
associated with cell metabolism, free radical neutralisation, and the processes of autophagy
and apoptosis.

2. Results
2.1, ROS Lewvels an Studied Cell Lines

Our results showed that the Harnas garlic extract significantly increased ROS levels
in BJ cells at concentrations of 0.250, (.500, and 1.000 mg/mL, with increases of 29.8%,
184.8%, and 243.6%, respectively, compared with the control (Figure 1A). The strongest
increase in ROS levels following Harnad cultivar treatment was observed in CACO-2 cells
at all tested concentrations (0.062, 0.125, 0.250, 0.500, and 1.000 mg/mL), with significant
increases of 330.5%, 498.5%, 505.3%, 1566.2%, and 1255.7%, respectively, compared with
the control (Figure 1E). In SCC-15 cells, a significant increase in ROS levels was observed at
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concentrations of 0,125, 0.250, 0,500, and 1.000 mg/mL, although it was not as pronounced
as in the CACO-2 line, with increases of 30.6%, 40.0%, 168.9%, and 355.8%, respectively,
compared with the control (Figure 11),
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Figure 1. Effect of increasing concentrations (0.062, 0,125, 0.250, 0.500, and 1,000 mg/mL) of ex-
tracts from garlic cultivars Harnaé, Omak, Violeta, and Morado on ROS production in (A-D) BJ,
(E~H) CACO-2, and (I-L) SCC-15 cells after 24 h of exposure. Results are presented as mean 4 SD.
Statistically significant differences from the control are marked as * p < 005, ** p < 0.01, and
**p<0.001.

In the B] cell line, the Ornak garlic cultivar at concentrations of (.125, 0.250, 0.500, and
1.000 mg/mL induced a significant increase in ROS production relative to the control group
by 54.2%, 170.2%, 450.4%, and 841.2%, respectively (Figure 1B). In the CACO-2 cell line,
the Ornak garlic cultivar significantly increased ROS production at concentrations of 0.062,
0.125, 0.250, 0.500, and 1.000 mg/mL by 302.4%, 343.5%, 677.6%, 666.3%, and 1393.4%,
respectively, compared with the control group (Figure 1F), A similar significant increase in
ROS levels was observed in the SCC-15 cell line across the concentration range of 0.062 to
1.000 mg/mL, with increases of 144.8%, 197.3%, 418.9%, 715.5%, and 450.1%, respectively,
compared with the control group (Figure 1J).

The Violeta garlic cultivar significantly increased ROS levels in the B] cell line only
at the two highest concentrations (0.500 and 1.000 mg/mL), with increases of 114.5%
and 49.3%, respectively, compared with the control group (Figure 1C). In the CACO-2
cell line, the Violeta cultivar enhanced ROS production across the concentration range of
0.062 to 1.000 mg/mL, with significant increases of 85.9%, 279.3%, 387.5%, 308.6%, and
586.3%, respectively, compared with the control group (Figure 1G). In the SCC-15 cell line,
the Violeta garlic extract increased ROS production at concentrations of 0,250, 0.500, and
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1.000 mg/ml, with significant increases of 41.5%, 135.0%, and 387.5%, respectively, com-
pared with the control group (Figure 1K).

The extract of the Morado garlic cultivar enhanced ROS production in BJ cells at
concentrations of 0,125, 0.250, 0.500, and 1.000 mg/ml., with significant increases of 34.5%,
75.2%, 245.2%, and 250.6%, respectively, compared with the control (Figure 1D). In the
CACO-2 cell line, the extract caused a significant increase in ROS production at all tested
concentrations (0,062 to 1.000 mg/mL), with increases of 166.3%, 337.1%, 439.1%, 1067.0%,
and 33520.3%, respectively, compared with the control group (Figure 1H). In the SCC-15
cell ling, the Morado cultivar extract significantly increased ROS production at the highest
concentrations of 0.500 and 1.000 mg/ml., with increases of 64.3% and 388.8%, respectively,
compared with the control group (Figure 1L).

2.2. Level of LDH Released

The experiments showed that the Harna$ garlic cultivar significantly increased LDH
release from BJ cells only at the highest concentration (1.000 mg/mL), with an increase of
16.0% compared with the control (Figure 2ZA). Interestingly, in the CACO-2 cell line, this garlic
variety did not enhance LD'H release at any tested concentration (Figure 2E). In the SCC-15
cell line, the Harnaé cultivar significantly increased LDH release at concentrations of 0.062,
0125, and 0.250 mg/mL (40.2%, 102.3%, and 28.4%, respectively), while at 1.000 mg/mL, a
decrease in LDH release was observed (7.7%) compared with the control (Figure 21),
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Figure 2, Effect of increasing concentrations (0.062, (.125, 0.250, 0,500, and 1.000 mg/mL) of extracts
from gartic cultivars Harnas, Omak, Violeta, and Morado on LDH release in (A-D) BJ, {E-H) CACO-
2, and (I-L) SCC-15 cells after 24 h of exposure. Results are presented as mean & SD. Statistically
significant differences from the control are marked as * p < 0,05, ** p < 041, and *** p < 0.001.
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For the Omak garlic cultivar, LDH release in B] cells increased only at the highest
concentration (1.000 mg/mL), with a rise of 157,1% compared with the control (Figure 2B).
Interestingly, in the CACO-2 cell line, the tested garlic extract caused a significant decrease
in LDH release at concentrations of 0.125, 0.250, and 1,000 mg/mL, with reductions of
19.63%, 23.9%, and 17.7%, respectively, compared with the control (Figure 2F), In the
SCC-15 cell line, the extract significantly increased LDH release at concentrations of 0.250
and 0.500 mg/ml, with rises of 25.9% and 16.1%, respectively, compared with the control
(Figure 2],

The Violeta garlic cultivar, like the Harmas and Ornak cultivars, significantly increased
LDH release in the B] cell line only at the highest concentration (1,000 mg/mL}, with an
increase of 27.6% compared with the contrel group (Figure 2C). In the CACO-2 cell line, a
concentration of 0.250 mg/mL increased LDH release by 15.3% compared with the control
(Figure 2G). The Violeta garlic extract did not alter LDH release in SCC-15 cells (Figure 2K).

For the Morado garlic cultivar extract in the BJ cell line, a significant increase in LDH
release was observed at concentrations of 0.250, 0.500, and 1.000 mg/mL, with increases
of 75.2%, 245.2%, and 250.6"%, respectively, compared with the control (Figure 2D). In the
CACO-2 cell line, no changes in LDH release were observed following administration of the
Morado extract (Figure 2H). In the SCC-15 cell line, the Morado extract at a concentration
of 0.125 mg/mL reduced LDH release by 12.3% compared with the control group, while
concentrations of 0.250 and 0.500 mg/mL increased LDH release by 117.7% and 106.6%,
respectively, compared with the control (Figure 2L).

2.3, Resazurin Reduction Assay

The resazurin reduction test showed that the Hamas garlic cultivar extract significantly
increased resazurin reduction in B) cells at a concentration of 0.062 mg/mL by 22.0%
compared with the control group. However, at the highest concentration (1.000 mg/mL), a
decrease in resazurin reduction of 50.2% was observed compared with the control group
(Figure 3A). In CACO-2 cells, only the highest concentration of the Harnas garlic extract
(1.000 mg/mL) significantly reduced resazurin reduction by 25.9% compared with the
control (Figure 3E). In SCC-15 cells, the Harnad garlic extract reduced resazurin reduction
at concentrations of 0,500 and 1.000 mg/mL by 19.7% and 89.6%, respectively, compared
with the control (Figure 31).

Garlic extract of the Ornak cultivar significantly decreased the level of resazurin
reduction in the BJ cell line at concentrations of 0.125, 0.250, 0,500, and 1.000 mg/mL
by 14.0%, 50.6%, 36.0%, and 57.8%, respectively, compared with the control (Figure 38).
Interestingly, in the CACO-2 cell line, the Ornak garlic extract st concentrations of 0,062,
0.125, 0.250, and 0,500 mg/mL increased the level of resazurin reduction by 48.2%, 55.2%,
58.1%, and 109.9%, respectively, compared with the control group (Figure 3F). In the SCC-15
cell line, all tested concentrations (0.062, 0.125, 0.250, 0.500, and 1.000 mg/mL) of the Omak
garlic extract caused a decrease in resazurin reduction by 25.2%, 59.4%, 74.8%, 75.8%, and
754%, respectively, compared with the control (Figure 3]).

Our experiments show that the Violeta garlic cultivar, after 24 h of exposure in the B]
cell line, significantly reduced resazunn reduction only at a concentration of 1.000 mg/mL
by 52.4% compared with the control (Figure 3B). In the CACO-2 cell line, treatment with
the Violeta cultivar extract did not result in any changes in resazurin reduction (Figure 3G).
In the SCC-15 cell line, the Vicleta extract reduced resazurin reduction at concentrations
of 0.500 and 1.000 mg/mL by 41.6% and 75.3%, respectively, compared with the control
(Figure 3K).
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Figure 3, Effect of increasing concentrations (0.062, (1125, 0.250, 0,500, and 1.000 mg/mL) of extracts
from garlic cultivars Harmad, Omak, Violeta, and Morado on the level of resazurin reduction in (A-D)
BJ, (E-H) CACO-2, and (I-L) SCC-15 cells after 24 h of exposure. Results are presented as mean + SD.
Statistically significant differences from the control are marked as ** p < 0401 and *** p < 0.001.

The Morado garlic cultivar significantly decreased resazurin reduction in the Bj cell line
at concentrations of 0.250, 0.500, and 1.000 mg/mL by 45.3%, 99.1%, and 99.0%, respectively,
compared with the control (Figure 3D). In the CACO-Z cell line, the Morado cultivar extract
decreased resazurin reduction only at the highest concentration (1,000 mg/mL) by 55.4%
compared with the control (Figure 3H). In the SOC-15 cell line, all tested concentrations
(0.062, (1125, 0.250, 0.500, and 1.000 mg/mL) of the extract decreased resazurin reduction by
19.8%, 27.2%, 56.6%, 72.9%, and 72.0%, respectively, compared with the control (Figure 3L).

2.4. Caspase-3 Actunty

The experiments showed that after 24 h of exposure, the Hamas garlic extract did not
affect caspase-3 activity in the BJ cell line (Figure 4A). Similarly, in the CACO-2 and SCC-15
cell lines, the Harnas garlic extract did not alter caspase-3 activity (Figure 4E1),

The Ornak garlic extract did not affect caspase-3 activity in the B] and CACO-2 cell
lines (Figure 4B,F), However, the extract significantly increased caspase-3 activity at all
tested concentrations (0.062, 0,125, 0,250, 0.500, and 1.000 mg/mL) in the SCC-15 cell line,
with increases of 36.6%, 41.7%, 40.6%, 48,1%, and 35.9%, respectively, compared with the
control (Figure 4J).

Our experiments showed that the Violeta garlic extract decreased caspase-3 activity
at concentrations of 0,500 and 1.000 mg/mL by 27.5% and 47.9%, respectively, compared
with the control (Figure 4C). In the CACO-2 cell line, the Violeta garlic extract did not
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cause changes in caspase-3 activity (Figure 4G). Interestingly, in the SCC-15 cell line, a
concentration of (.500 mg/mL increased caspase-3 activity by 10.4% compared with the
control, whereas a concentration of 1.000 mg/mL reduced caspase-3 activity by 17.2%
(Figure 4K).
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Figure 4. Effect of increasing concentrations (0.062, 0.125, 0.250, 0.500, and 1.000 mg/mL} of ex-
tracts from garlic cultivars Hamas, Ornak, Violeta, and Morado on caspase-3 activity in (A-D) BJ,
(E-H} CACO-2, and (I-1) SCC-15 celis after 24 h of exposure. Results are presented as mean = SD.
Statistically significant differences from the contral are marked as ** p < 0,01 and *** p < 0001,

The Morado garlic extract increased caspase-3 activity in the B] cell line at all tested
concentrations (0.062, 0.125, 0.250, 0.5, and 1.000 mg/mL) by 65.5%, 77.4%, %0.9%, 100.0%,
and 96.7%, respectively, compared with the control (Figure 4D). In the CACO-2 cell line, the
Morado garlic extract increased caspase-3 activity only at a concentration of 1.000 mg/mL,
with a rise of 16.0°% compared with the control (Figure 4H). The tested extract did not affect
caspase-3 activity in the SCC-15 cell line (Figure 4L).

2.5. Gene Expression
251, PPARy and LC3A mRNA Expression in B], CACO-2, and SCC-15 Cell Lines

Our expeniments showed that after 6 h of exposure of Bf cells to 0250 mg/mL of garlic
extracts, the Harnag and Ornak cultivars significantly decreased PPARy mRNA expression
by 44.1% and 65.4%, respectively, compared with the control. Interestingly, the Morado
garlic extract significantly increased PPARY mRNA expression by 41.5% compared with
the control group (Figure 5A). In the CACO-2 cell line, all tested extricts reduced PPARy
mRNA expression: Hamaé by 20.0%, Omak by 15.3%, Violeta by 23.2%, and Morado by
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34.8%, compared with the control (Figure 5B). In the SCC-15 cell line, the Harnag and Ornak
cultivars significantly reduced PPARy mRNA expression by 28.9% and 72.3%, respectively,
compared with the control (Figure 5C).
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Figure 5. Effect of 0.250 mg/mlL of extracts from garlic cultivars Harnas, Omak, Violeta, and Morado
on mRNA expression of (A-C) PPARy and (D-F) LC3A in (A,D) B), (B,E) CACO-2, and (C.F) SCC-13
celis after 6 h of exposure. ACTH was used as the reference gene. Results are presented as mean + SD.
Statistically significant differences from the control are marked as * p < 005 and *** p < 0.001.
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The experiments also showed that after 6 h of exposure of B cells to 0.250 mg/mL
of the Ornak garlic extract, LC3A mRNA expression was significantly decreased by 91.6%
compared with the control. However, the Violeta cultivar extract slightly but statistically
significantly increased LC3A mRNA expression by 13.5% compared with the control group
{Figure 5D). In the CACO-2 cell line, exposure to 0.250 mg/mL of Harnas, Ornak, and
Violeta garlic extracts resulted in reduced LC3A mRNA expression, with decreases of 17.8%,
15.4%, and 6.7, respectively, compared with the control (Figure 5E). In the SCC-15 cell
line, Ornak and Violeta garlic extracts decreased LC3A mRNA expression by 45.3% and
6.4%, respectively, compared with the control (Figure 5F),

2.5.2. CAT and SOD1 mRNA Expression in B], CACO-2, and SCC-15 Cell Lines

Our experiments showed that after 6 h of exposure of BJ cells to 0.250 mg/mL of
the tested extracts, the Ornak and Morado cultivars significantly decreased CAT mRNA
expression by 70.8% and 28.4%, respectively, compared with the control (Figure 6A), In
the CACO-2 cell line at the same concentration (0.250 mg/mL), extracts from the Hamaé
and Vieleta cultivars significantly increased CAT mRNA expression by 23.8% and 22.2%,
respectively, compared with the control (Figure 6B). Interestingly, in the SCC-15 cell line, the
Ornak cultivar extract significantly decreased CAT mRNA expression by 65.7%, whereas
the Violeta cultivar extract increased CAT mRNA expression by 22.57% compared with the
control (Figure 6C).
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Figure 6. Effect of 0.250 mg/mL of extracts from garlic cultivars Harnas, Omak, Violeta, and Morado
on mRNA expression of (A-C) CAT and (D-F) SOD? in {A,D) B, (B,E) CACO-2, and (C,F) SCC-15
cells after 6 h of exposure. ACTB was used as the reference gene, Results are presented as mean & SD.
Statistically significant differences from the control are marked as ** p < 0.01 and *** p < 0.001.

For SOD1 mRNA expression in the B cell line, exposure to 0.250 mg/mL of the
tested extracts showed that only the Harnas and Morado cultivars significantly increased
S50D] mRNA expression, by 14.6% and 22.6%, respectively, compared with the control
(Figure 6D). In the CACO-2 cell line, all tested extracts at 0.250 mg/mlL increased SOD1
mRNA expression, with increases of 41.7% (Harnas), 12.5% (Omak), 32.9% (Violeta), and
37.8% (Morado), compared with the control (Figure 6E). In the SCC-15 cell line, the Ornak
garlic extract significantly decreased SODI mRNA expression by 46.3% compared with
the control, while the Violeta garlic extract increased SODI mRNA expression by 21.1%
compared with the control (Figure 6F),

2.6, Protein Expression
2.6.1. PPARy and LC3A Protein Expression in B], CACO-2, and SCC-15 Cell Lines

Our experiments showed that extracts from the Harnaé and Ornak garlic cultivars sig-
nificantly increased LC3A protein expression in B] cells by 150.5 pg/mL and 134.2 pg/mL,
respectively, compared with the control. Conversely, extracts from the Violeta and Morado
cultivars significantly decreased LC3A protein expression in BJ cells by 201.3 pg/mL and
122 pg /mL, respectively, compared with the control (Figure 7A). In the CACO-2 cell line,
extracts from the Omak, Violeta, and Morado cultivars reduced LC3A protein expression
by 36.63 pg/mL, 111.2 pg/mL, and 85.4 pg/mL, respectively, compared with the control
(Figure 7B), In the SCC-15 cell line, all tested garlic varieties strongly reduced LC3A protein
expression: by 1856.0 pg/ml. (Harnas), 2039.5 pg/mL (Ornak), 2298.0 pg/mL (Violeta),
and 2019.2 pg/ml (Morado), compared with the control (Figure 7C).
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Figure 7. Effect of 0.250 mg/mi of extracts from garlic cultivars Harnas, Omak. Violeta, and Morado
on protein expression of (A-C) PPARy and (D-F} LC3A in (A,D) B, (B,E) CACO-2, and (C,F) SCC-15
cells after 6 h of exposure. Protein levels were normalised to total protein, Results are presented
as mean £ SD. Statistically significant differences from the control are marked as ** p < 001 and
*% p < 0.001,

After 24 h of exposure to the tested extracts in the B] cell line, only the Violeta cultivar
reduced PPARy protein expression by 0.52 ng/mL compared with the control. Conversely,
the Morado cultivar increased PPARy protein expression by 1.3 ng/ml compared with
the control (Figure 7D). In the CACO-2 cell line, a reduction in PPARy protein expression
was observed in the Harnas, Omak, and Morado groups, with decreases of 0.3 ng/mL,
0.2 ng/ml, and (.7 ng/mL, respectively, compared with the control (Figure 7E), In the SCC-
15 cell line, PPARY protein expression decreased in groups treated with Harnag, Violeta,
and Morado garlic extracts, with reductions of 2.8 ng/ml, 3.7 ng/mL, and 3.0 ng/mL,
respectively, compared with the control (Figure 7F).

2.6.2. CAT and SOD1 Protein Expression in BJ, CACO-2, and SCC-15 Cell Lines

Our experiments showed that after 24 h of exposure of B] cells to the tested extracts,
the Ornak, Violeta, and Morado cultivars significantly increased CAT protein expression by
81 ng/mlL, 3.6 ng/mL, and 5.3 ng/mL, respectively, compared with the control (Figure 8A).
In the CACO-2 cell line, extracts from the Hamas$ and Morado cultivars decreased CAT
protein expression by 7.5 ng/mL and 12.1 ng/mL, respectively, compared with the control
(Figure 8B), In the SCC-15 cell line, extracts from the Hamas and Ornak cultivars increased
CAT protein expression by 5.4 ng/mL and 11.1 ng/ml, respectively, compared with the
control (Figure 8C),

Our experiments also showed that all tested garlic exteacts (Hama¢, Omak, Violeta,
and Morado) significantly increased SOD1 protein expression in the B] cell line after 24 h
of exposure, with increases of 22.4 pg/ml., §1.4 pg/mL, 81.5 pg/mL, and 128.9 pg/mL,
respectively, compared with the control (Figure 8D). In the CACO-2 cell line, the Harnaé
garlic extract decreased SOD1 protein expression by 56.06 pg/mL compared with the
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control (Figure 8E). The remaining garlic extracts increased SOD1 protein expression,
with increases of 47.6 pg/mL (Ornak}, 152.8 pg/mL (Violeta), and 167.3 pg/mL (Morado)
compared with the control (Figure SE). Similarly, in the SCC-15 cell line, the Omiak, Violeta,
and Morado garlic extracts increased SOD1 protein expression by 82.4 pg/mL, 58.6 pg/mL,
and 91.1 pg/mL, respectively, compared with the control (Figure 8F).

CACO-2 SCC-15

CAT protain expression ng/mL

AL,

AL LSS

Figure 8. Effect of 0.250 mg/ml. of extracts from garlic cultivars Harmaé, Omak, Vioketa, and Morado
on protein expression of (A-C) CAT and (D-F) SOD1 in (A, D) B], (B,E) CACO-2, and (C,F) SCC-15
cells after 6 h of exposure. Protein levels were normalised to total protein. Results are presented as
mean -+ 5D Statisticaily significant differences from the control are marked as * p < 0.05, ** p < 0.01,
and *** p < 0.001.
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2.7, Chromatographic Analysis of Studied Garlic Extracts

The results of the chromatographic analysis of the polyphenolic compounds are
summarised in Table 1. The analysis revealed that the Harna$ cultivar is rich in apigenin,
catechin, ferulic acid, isoharmentin, sinapic acid, and vanillic acid. The Omak cultivar
was rich in 4-hydroxybenzoic acid. The Violeta cultivar contained high levels of acacetin,
epicatechin, hesperidin, hispidulin, myricetin, and naringenin. Finally, the Morado cultivar
was the richest in kaempferol, luteolin, and rutin. In the studied extracts, quercetin and
rosmarinic acid were not detected (Table 1). Statistical analysis revealed that the garlic
cultivar extracts did not differ significantly in terms of the levels of §-hydroxybenzoic
acid, apigenin, epicatechin, hispidulin, kaempferol, luteclin, and naringenin. Among the
cultivars, the Violeta cultivar exhibited the most distinct profile compared with the other
tested cultivars.
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Table 1. Results of quantitative analysis of polyphenolic compounds (presented as pg/mlL+ SD) in
extracts obtained from garlic cultivars Harnas, Omak, Violeta, and Morado. Compounds identified
in the extracts are listed. nd indicates compounds that were not detected. The highest values are
bolded. The same letters (a, b, or ¢} indicate groups that do not differ statistically significantly at
p < 0,05, If necessary, the conversion to mg/kg is given by the formula: gg/mL x (volume of solution
in L)/(mass of sample in g} = mg/ kg, Volume of solution = 100 mL, mass of sample = 10 g.

Componnds Harnas Ormak Violeta Morado
[ug/mL] {pg/mL] [ug/mL] [ug/mL]
4-hydroxybenzoic acid 0.181 & 0.107 2 0.399 = 0.208 * 0.185 + 0.001 * 0.347 £ 02454
Acacetin 0.091 4 0.001 0.308 = 0.036 0.863 =+ 0,001 ¢ 0.209 4 010320
Apigenin 0.429 =+ 0,001 * 0.298 + 0.154° 0307 40,1732 00,238 + 0,069 "
Caffeic acid nd 0.052 = 0,037 * nd 0.052 + 0,037
Catechin 3.892 + 0.016* 3,189 -+ 1554 % 0353 = 0.006 ® nd
Chrogenic acid nd 0.067 + 0.047 nd 0.067 = 0,047 *
Epicatechin 1.460 = 0,013 * 1171 = 0.828 4 1.775 4 0.011* 1171 £ 08282
Ferulic acid 0.055 & 0.001 * nd nd nd
Gallic acid nd nd nd 3236 +£2288"
Hesperidin 0.100 £ 0,000* nd 0.065 = 0,045 nd
Hispidulin 0.418 = 0.007 * 0.393 + 0.005 * 0.426 = 0,001 * 0.282 + 0.161°
Isoharmentin 0.200 + 0,004 * 0.012 4 0016 nd 0.129 + 0.074 o
Kaempferol 0.233 £ 0.001 4 0.249 + 00244 0.245 = 0.003 * 0.329 + 0,089 *
Luteolin 0260 + 0.001 * 0.259 + 0.083 * 0.348 £ 0.007 " 0.550 - 0.494 *
Myricetin 0.615 + 0.001° 0.569 + 0.402* 1.796 + 0.086 ® 0.569 + 0.402°
Naringenin 0.678 + 0.002° 1.349 £ 0.849 4 2.590 + 0,005 1275 4 0901 #
p-Coumaric acid 0.045 + 0.000 * nd nd nd
Quercetin nd nd nd nd
Rosmarinic acid nd nd nd nd
Rutin 0.176 + 0.007 * nd nd 0.207 + 0.293 7
Sinapic acid 0.085 + 0,000 nd 0.069 + 0,001 nd
Syrigynic acid nd 0.064 = 0.045* 0,064 £ 0.001 4 0.064 £ 0.0454
Vanillic acid 0.059 + 0.000* 0.047 + 0,033 4 nd 0.047 £ 0.033°

3. Discussion

Tt is well documented that high levels of ROS often cause toxicaty or initiate apopto-
sis [23,24], Therefore, in the first part of this study, we examined the influence of extracts
from the Harna$, Omak, Violeta, and Morado garlic cultivars on ROS production in the
SCC-15, CACO-2, and BJ cell lines. In our experiments, the Ornak cultivar extract most
strongly enhanced ROS production across all studied cell lines. Conversely, the Violeta
cultivar induced the smallest increase in ROS production compared with the other tested
garlic cultivars. It should also be noted that all tested garlic extracts minimally increased
ROS production in the normal Bj cell line compared with the cancerous SCC-15 and CACO-
2 cell lines. Previous studies have shown that aged garlic extract increased ROS production
in human neuroblastoma SH-SY5Y cells, but when co-treated with 6-hydroxydopamine
(6-OHDA)}, ROS production was reduced [13], However, it is important to note that while
SH-SYSY is a neuroblastoma cell line, it retains many normal cellular mechanisms and is
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often considered a model for normal cells [25]. Elevated ROS levels in cancer cells have
been shown to initiate cell cycle arrest [26]). Moreover, increased ROS levels contribute
to destabilisation of the cancer cell genome, leading to DNA damage and ultimately cell
death via necrosis or apoptosis [27]. Ethanolic garlic extracts have been reported to induce
ROS-dependent cell death in human triple-negative breast cancer cell lines (MCF-7, MDA-
ME-231) without harming normal Vero cells [28]. These extracts were shown to initiate cell
cycle arrest and activate apoptosis via caspase-3 involvement [28]. Similarly, Ozkan et al.
described that small extracellular vesicles isolated from garlic induced ROS-dependent
cytotoxicity and apoptosis in human kidney carcinoma (A498) and lung carcinoma (A549)
cell lines, while toxicity and apoptosis were significantly lower in normal human dermal
fibroblast cell lines [29]. Our previous study demonstrated that extracts from fresh garlic
cloves of the Harnas and Morado cultivars induced ROS-dependent cytotoxicity in SCC-15
cells after 6, 24, and 48 h of exposure, without significant activation of caspase-3 [14]. Our
present study also suggests that the tested garlic extracts may contribute to cancer cell
death by a ROS-dependent mechanism but activate caspase-3. Differences were likely due
to the distinct nature of the extracts used in the previous study.

Due to the presence of ROS in cancer cells often resulting in toxicity, the next stage
of the research involved determining cytotoxicity and the impact on cell metabolic status.
LDH release from cells into the culture medium was used as an indicator of cytotoxicity.
As a cytosolic enzyme, LDH's presence in the culture medium effectively indicates cell
membrane damage or cell death [30], Conversely, resazurin is a water-soluble dye widely
used in in vitro cell tests. This method detects the metabolic activity of cells and can
indirectly suggest cell numbers, although this requires further confirmation, Moreover,
resazurin is considered a more sensitive alternative to the 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) assay [31]. In our experiments, the Harna$, Ornak,
and Violeta cultivars increased LDH release only at the highest extract concentration
(1.000 mg/mL) in the normal BJ cell line, The extract from the Morado cultivar increased
LDH release at concentrations of 0.250, 0,500, and 1.000 mg/ml., suggesting that this extract
has the strongest toxicity in normal cells. In the SCC-15 cell line, only the Violeta cultivar
did not cause LDH release into the culture medium. Interestingly, in the CACO-2 cell line,
the Ornak cultivar decreased LDH release across a wide range of concentrations. According
to the literature, a decrease in LDH release can occur in vitro with highly toxic compounds
that cause rapid cell death, resulting in proteclytic degradation of LDH in the culture
medium [32]. Aged garlic extract has been shown to reduce LDH release in normal bovine
pulmonary artery endothelial cells, murine macrophage cells (J774), and human umbilical
vein endothelial cells when initiated by various stimuli [33,34]. However, at very high
concentrations, the extract alone can cause LDH release in normal cells. Conversely, in
cancerous cells, garlic extract increases LDH release across a wide range of concentrations.
This finding was confirmed in our previous study, which showed increased LDH release
in the SCC-15 cell line at concentrations of 0.250 to 1.000 mg/mL, and in another study
that showed a similar effect in the MCF-7 and MDA-MB-231 cell lines at concentrations of
0.312 to 1.000 mg/mL [14,35]. Moreover, Isbilen and Volkan reported that at the highest
extract concentration, LDH release significantly decreased to levels comparable with the
control [35]. Therefore, we can assume that the present data align with the current state of
knowledge. In our experiments, the strongest decrease in cell metabolism, as measured by
the resazurin reduction test, was observed in B] and SCC-15 cell lines following treatment
with the Ornak and Morado cultivars. In the CACO-2 cell line, the Omak cultivar increased
cell metabolism across a wide range of concentrations, as measured by the resazurin
reduction test. Among all the studied cell lines, the Violeta cultivar had the least effect on
cell metabolism. Our previous study demonstrated that the Harnas and Morado cultivars, at
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concentrations ranging from 0.250 to 1.000 mg/ml, decreased cell numbers in SCC-15 cells,
s measured by the Neutral Red assay [14]. Similarly, Siegers et al. [36] reported that garlic
extracts inhibited cancer cell proliferation, as measured by the same test, at a concentration
of 0.330 mg/mL in the human hepatoma cell line (HepG2) and 0.480 mg/mL in the CACO-2
cell line. A decrease in cell viability, measured using the 3-(4 5-dimethylthiazol-2-y1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay, was also observed
in the A498 and A549 cell lines after treatment with small extracellular vesicles derived from
garlic at concentrations ranging from 5 to 50 ug/mL [29]. Additionally, decreases in cell
viability and cell numbers were reported in MCF-7 and MDA-MB-231 cells at concentrations
ranging from 0.625 to 1.000 mg/mL [35].

In addition Lo toxicity, apoptosis is another type of cell death, with caspase-3 activity
serving as its main marker. Our research shows that the studied garlic extracts had a limited
effect on caspase-3 activity. In the B] cell line, the Morado cultivar increased caspase-3
activity at all studied concentrations (0.062 to 1.000 myg /mL), while the Violeta cultivar
slightly decreased caspase-3 activity at the two highest concentrations. In the CACO-2 cell
line, almost no changes in caspase-3 activity were observed. In the SCC-15 cell line, no
changes in caspase-3 activity were observed with the Hamaé or Morado extracts, which
is consistent with our previous studies [14]. Interestingly, the Omak cultivar increased
caspase-3 activity at all studied concentrations. To date, studies conducted by other teams
have been consistent in showing that garlic extracts initiate ROS-dependent cell death,
although the specific type of cell death (necrosis or apoptosis) depends on factors such as
extract concentration, type of extract, or garlic cultivar [29,33,34]. Previous research has
shown that aged black garlic extract induces apoptosis in the human gastric cancer cell
line (SGC-7901) at a concentration of 100 mg/mL [37]. Similarly, Ozkan et al. reparted
that garlic-derived small extracellular vesicles at a concentration of 50 pg/mL increased
Crspase-3, Caspase-9, and P53 mRNA levels in A498 and A549 cell lines, confirming ROS-
dependent apoptosis [29]. Apoptosis, measured by caspase-3 and caspase-9 activity, has
also been confirmed in MCF-7 and MDA-MB-231 cell lines at concentrations ranging from
0.156 to 1.000 mg/mL [28,35),

1t is well established that garlic is rich in various polyphenols, which contribute to
its numerous health-promoting properties [35]. In addition, some studies have attempted
to correlate the polyphenol content with antiproliferative properties [29]. However, it
should be noted that these results are inconclusive because the authors tested entirely
different garlic varieties without conducting such detailed chromatographic analyses.
Our previous study linked the strong cytotoxic properties of the Morado cultivar to its
suspected high polyphenol content. Several polyphenols have been described as PPARy
agonists. Particularly, (+)-catechin [40], or kaempferol, are well-known full and partial
PPARYy agonists, respectively [41]. Interestingly, the current study revealed that the Morado
cultivar did not contain catechins, However, some studies have shown that aged garlic
extract initiates various cellular processes through PPARy pathways [20-22]. Therefore,
based on previously described findings, we selected PPARy and enzymes related to the
PPARYy pathway, such as LC3A, SOD1, and CAT, for further study. Our data showed that in
the normal BJ cell line, only the Morado cultivar extract increased both PPART mRNA and
PPARYy protein expression while decreasing LC3A protein expression. Interestingly, the
Violeta cultivar did not significantly affect PPARy or LC3A mRNA expression but strongly
decreased PPARy and LC3A protein expression. Both the Harnas and Omnak cultivars
acted similarly, significantly decreasing PPARy mRNA expression while increasing LC3A
protein expression. In the CACO-2 cell line, extracts from all studied cultivars (Harnas,
Ornak, Violeta, and Morado) similarly decreased both PPARy and LC3A mRNA and
protein expression, Our research shows that the Morado cultivar had the strongest effect
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on decreasing the expression of both studied proteins. Finally, in the SCC-15 cell line,
the Harnas$ and Ornak cultivars decreased PPARy mRNA expression, while reductions
in PPARY protein levels were observed with the Harnas, Violeta, and Morado cultivars.
Interestingly, all the studied extracts strongly decreased LC3A protein expression.

Our findings allow us to establish certain relationships. Generally, in the studied
cancerous cell lines (CACO-2 and SCC-15), the garlic cultivars decreased both PPARy and
LC3A protein expression. By contrast, in the normal B] cells, the Harnad and Ornak extracts
did not affect PPARy protein expression but increased LC3A protein expression. The
Violeta extract acted similarly to its effects in cancerous cell lines, while the Morado extract
increased PPARy protein expression but decreased LC3A protein expression, Our chro-
matographic analysis revealed that the Harna$ and Ornak extracts had similar polyphenolic
compositions, whereas the Violeta and Morado extracts were quite distinct. We believe
this may explain the differences observed in normal cells. Moreover, the highest levels
of catechin, a known PPARy agonist, were detected in the Harnad and Omak cultivars,
Therefore, we propose that the observed changes in protein expression and toxicity, at
least in the case of the Harnaé and Omak cultivars, are likely due to PPARy activation,
Moreover, our analysis revealed that the studied extracts differed significantly in their
polyphenolic compound content. Large differences in polyphenolic levels have previously
been reported in endemic Italian garlic cultivars (Schiacciato, Bianco, Torella, Salomone,
and Ufita), even when grown on the same test field [12). Similarly, substantial variations
in polyphenolic content were observed in 43 Chinese garlic cultivars [42]. To date, it has
been described that p-coumaric acid, ellagic acid, ferulic acid, gallic acid, apigenin, and
vanillic acid strongly decrease Ppary mRNA expression in 3T3-L1 mouse preadipocytes
during differentiation [43]. By contrast, hesperidin, quercetin, resveratrol, and curcumin
were shown to slightly decrease Ppury mRNA expression, although the effects were not
statistically significant. These findings support our hypothesis,

Our study Is the first that tried to correlate the polyphenolic content of garlic with
changes in PPARy protein expression. Previously, aged black garlic extract was reported
to decrease Ppary mRNA expression in the adipose tissue of rats [28]. Unfortunately,
most research focuses on sulfur compounds derived from garlic. For instance, alliin has
been shown to ameliorate gut inflammation through PPARy pathway activation in the
RAW 264.7 mouse cell line [44]. Garlic-derived diallyl disulfide has been demonstrated to
increase peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGCla)
expression in a ROS-dependent manner, inducing mitochondrial biogenesis at an early
stage of treatment that precedes cell cycle arrest and apoptosis in the human neuroblastoma
(SH-SY5Y) cell line [22]. The increase in PGCla expression also suggests PPARy activation,
Therefore, we propose that both polyphenolic and organosulfur compounds contribute to
PPARYy activation and the modulation of related pathways.

As mentioned above, the mechanism of action of garlic and polyphenols is accom-
panied by an increase in ROS production. Therefore, in the last part of our work, we
examined the mRNA and protein expression of antioxidant enzymes such as SOD1 and
CAT, whose expression is controlled by PPARy. Our experiments showed that the Ormak,
Violeta, and Morado cultivars acted similarly in the B], CACO-2, and SCC-15 cell lines.
These garlic cultivars increased SOD1 protein expression. Interestingly, the pattern of S0D1
mRNA expression did not fully align with the protein expression. Minor discrepancies
between mRNA and protein levels may be caused by differences in the expression intensity
of the studied proteins. It is well established that mRNA should be measured earlier than
protein [45]. Moreover, high mRNA expression is often accompanied by lower protein
levels and vice versa, usually as a result of feedback effects. The Harnas cultivar appears
to act differently, increasing both SOD] mRNA and SOD1 protein expression in B cells,
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In the CACO-2 cell ling, an increase in SODT mRNA expression was observed, but this
was accompanied by a decrease in SODI1 protein expression, Interestingly, in the SCC-15
cell line, no significant changes were observed at either the mRNA or protein level. For
CAT protein expression, the Harnag, Omak, Violeta, and Morado cultivars either increased
or had no effect on CAT protein levels in B] and SCC-15 cell lines, A notable observation
was that the strong decrease in CAT mRNA expression caused by the Ornak cultivar was
accompanied by an increase in CAT protein expression. An opposite phenomenon was
observed in the CACO-2 cell line, where the Hamas and Violeta cultivars increased CAT
mRNA expression but slightly decreased CAT protein expression. To date, it has been
reported that in rats, after 2 weeks on a diet containing 2% garlic, a decrease in Caf mRNA
and CAT protein expression was observed in the kidney and liver [18). This diet did not
significantly affect SOD activity in kidney or liver tissues [18]. Similarly, a decrease in CAT
activity was observed in rat liver after 7 days of treatment with fresh garlic [46]. However,
the response strongly depends on the type of tissue. In rats fed fresh garlic homogenate
for 30 days, cardioprotective effects were observed [47]. Garlic prevented oxidative stress
and mitigated decreases in CAT and SOD activity in the rat heart induced by the cytostatic
agent doxorubicin, Similar protective effects of aged garlic extract were observed in the rat
liver, where sged garlic extract prevented ethephon-induced decreases in CAT and SOD
activity [48]. Discrepancies between studies are likely due to differences in the garlic dose,
cultivar, type of cells, and exposure duration. In normal human osteoarthritic chondrocytes,
allicin, sulforaphane, and lycopene derived from garlic increased protein expression of
SOD1 and CAT [49]. In human breast cancer (MCF-7) cell lines inoculated in mice, black
garlic extracts were shown 10 increase SOD activity in the serum of the mice [37). Addi-
tionally, 120 uM diallyl disulfide has been reported to increase SOD? mRNA expression in
human colon cancer HT-29 cells, which, according to the authors, resulis in cell cycle arrest
and apoptosis [50]. Therefore, we can conclude that our findings are consistent with the
current state of knowledge on the impact of garlic extracts on SOD and CAT expression
and activity.

4. Materials and Methods
4.1, Reagents

Minimum Essential Medium (MEM), Dulbecco’s Modified Eagle Medium /Nutrient
Mixture F-12 (DMEM/F12), and phosphate-buffered saline without Ca®* and Mg?*
(PBS) were purchased from Corning (Manassas, VA, USA). Real-time polymerase chain
reaction (RT-PCR) TagMan probes corresponding to a specific nucleotide sequence
encoding—CAT (Hs00156308_m1), SOD1 (Hs00533490_m1), LC3A (HsD1076567_g1),
PPARY (Hs00234592_m1), and ACTB (Hs01060665_g1)—and a High-Capacity cONA Re-
verse Transcription Kit were obtained from Life Technologies (Paisley, UK). Trypsin, peni-
cillin, streptomycin, radioimmunoprecipitation assay buffer (RIPA), staurosporine, and
dimethyl sulfoxide were purchased from Sigma-Aldrich (St. Louis, MO, USA), The sub-
strate for measuring caspase-3 activity (235400) was purchased from Merck Millipore
(Darmstadt, Germany), The 6, 12-, and 96-well culture plates were purchased from TPP
Techno Plastic Products AG (Trasadingen, Switzerland). The kit for determining lactate
dehydrogenase (LDH) release (11644793001) was obtained from Roche Applied Science
(Munich, Germany). Basic laboratory reagents, including acids, bases, salts, alcohols,
and simple chemical compounds, were purchased from POCH S.A, (Gliwice, Poland).
Foetal bovine serum (FBS), a Universal RNA Purification Kit (E3598-02), and quantita-
tive PCR {(gPCR) master mix (Fast Probe gPCR Master Mix) were obtained from EURx
(Gdanisk, Poland). Enzyme-linked immunosorbent assay (ELISA) kits for PPARy (H1361),
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S0D1 (H1113), CAT (H0643), and LC3A were purchased from Elabscience Biotechnology
{Wuhan, China).

4.2. Preparation of Extracts

The Harnas, Omak, Violeta, and Morado garlic cultivars were kindly donated by
Krzysztof Markiewicz from the Markie-Pol company (Dabrowka Wielka, Poland). Two va-
rieties, Harna¢ and Omak, were grown in Poland in the Swigtokrzyskie Voivodeship, while
Morado and Violeta were cultivated on the Iberian Peninsula in Spain, in the commune
of Las Pedrofieras. The garlic was lyophilised, powdered, and stored at —30 °C. Aqueous
extracts (in PBS) were prepared from the lyophilised powder according to a previously
described procedure [51). Briefly, 10 g of lyophilised garlic powder was mixed with 100 mL
of PBS and blended in an ice bath. The extracts were then incubated for 30 min at 4 °C
and centrifuged for 10 min at 3900 g. The supernatants were collected and sterilised
by passing them through a 0.22-um filter (Merck Millipore). The extracts were stored in
aliquots at —20°C.

4.3, Cell Culture and Experiments

Human squamous cell carcinoma (SCC-15 (CRL-1623)), colon adenocarcinoma (CACO-
2 (HTB-37)), and normal skin fibroblast (B) (CRL-2522)) cell lines were cbtained from the
American Type Culture Collection (distributor: LGC Standards, Lomianki, Poland). The
SCC-15 cell line was maintained in DMEM/F12, while the B] and CACO-2 cell lines
were maintained in MEM. The media used in the experiments were phenol red-free and
contained 2.5 mM L-glutamine. Additionally, the media were supplemented with 10%
FBS, and for SCC-15 cells, 400 ng/mL hydrocortisone was also included. The cells were
maintained at 37 °C in a humidified atmosphere with 5% CO;. The cells were seeded into
96-well culture plates (Costar, St. Louis, MO, USA) at a density of 6 x 10% per well (for
the 24 h treatment) and initially cultured for 24 h prior to the experiment. Subsequently,
the medium was replaced with fresh medium containing increasing concentrations of
extracts from garlic cultivars (Allfunr satiowm L.)—Harnas, Omak, Violeta, and Morado—at
0.062, 0.125, 0.250, 0.500, and 1.000 mg/mL for 24 h. Afterwards, analyses were performed
according to the protocols described below.

4.4, ROS Measurentent

In our study, the fluorogenic dye HaDCFDA was used to detect intracellular ROS,
following a previously described protocol [14], Briefly, 5 pM H;DCFDA was applied in
serum-free medium for 45 min before treatment with the extracts. After 24 h of incubation
with the garlic cultivar extracts (0.062, 0.125, 0.250, 0.500, and 1.000 mg/mL), fluorescence
was measured using a microplate readerFilterMax F5 Multi Mode (Molecular Devices,
Corp., Sunnyvale, CA, USA). Fluorescence was measured with exctation at 485 nm and
emission at 535 nm.

4.5, LDH Release

The level of LDH release was measured on a 96-well plate after 24 h of incubation
with garlic cultivar extracts (0.062, 0.125, 0.250, 0,500, and 1.000 mg/mL). The toxicity of the
extracts was assessed following a previously described protocol [52]. Briefly, after exposing
the cells to the extracts, the culture medium was transferred to a new 96-well plate. The
plate containing the cells was frozen at —80 °C for subsequent caspase-3 activity analysis.
A reaction solution was added to the medium on the new plate and incubated for 30 min at
room temperature in the dark. The colorimetric product was then measured. Absorbance
measurements were taken at 490 nm.
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4.6, Resazurin Reduction Assay

The resazurin measurement was conducted according to a previously described proto-
col [53]. Briefly, the cells were incubated with increasing concentrations of garlic cultivar
extracts for 6, 24, or 48 h. The medium was then replaced with fresh medium contain-
ing 10% resazurin and 1% FBS. After 60 min of incubation, fluorescence was measured.
Fluorescence was measured with excitation at 530 nm and emission at 390 nm.

4.7. Caspase-3 Activity Assay

The caspase-3 activity was measured according to a previously described protocol [54]
with minor modifications. Briefly, after the LDH release experiments, the 24 h medium
was removed and the cells were frozen at —80 “C until measurement. After thawing, the
cells were lysed using lysis buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, 0.1% CHAPS,
1 mM EDTA, 10% glycerol, and 10 mM DTT) at 10 “C for 10 min. The lysates were then
incubated with the caspase-3 substrate Ac-DEVD-pNA in the same buffer at 37 “C. After
30 min, absorbance was measured, Absorbance measurements were taken at 405 nm.

4.8. Gene Expression Analysis by RT-PCR

Cells (B], CACO-2, or 5CC-15) were treated with 0.250 mg/mL of extracts from the
Harmaé, Omak, Violeta, and Morado garlic cultivars for 6 h. Total RNA was then extracted
using the Universal RNA Purification Kit, following the manufacturer’s protocol. RNA
quality and quantity were assessed using a Nanodrop device. The reverse transcription reac-
tion was performed according to the manufacturer’s instructions {ThermoFisher, Waltham,
MA, USA) in a final volume of 20 L, using 800 ng of RNA as the cONA template. RT-PCR
was conducted using the Fast Probe qPCR Master Mix (2x) kit (EURx, Gdansk, Poland)
with TagMan probes specific for the genes PPARy, SODI, CAT, LC3A, and ACTB in a
total volume of 20 uL, including 1 uL of cDNA. The standard qPCR procedure was as
follows: 3 min at 95 “C, followed by 40 cycles of 10 s at 95 “C and 30 5 at 55 °C, ACTB was
used as the reference gene, and the RefFinder (http:/ /blooge.cn/RefFinder /, access date:
14 April 2023) web-based tool was employed to evaluate reference gene expression,

4.9 ELISA

The levels of PPARy, SOD1, CAT, and LC3A proteins were determined after 24 b of
treatment with 0.250 mg/mL of extracts from the Harnag, Omak, Violeta, and Morado
garlic cultivars via ELISA. The expression of the studied proteins was determined in cell
culture lysates collected in RIPA. ELISA was performed according to the manufacturer’s
instructions. Briefly, a 96-well plate was pre-coated with monocional antibodies specific
to PPARy, SOD1, CAT, and LC3A proteins. Standards and collected cell extracts were
incubated for 90 min at 37 °C in the pre-coated 96-well plate. After removing the liquid,
100 gL of biotinylated detection antibodies was added and incubated for 60 min. The
plate was washed three imes to remove unbound substances, and horseradish peroxidase-
conjugated avidin was added. Following additional washing, in the final step, 90 uL
of substrate solution was added to the wells and incubated for 15 min. Then, 50 uL
of stop solution was added, and the absorbance was measured. The absorbance value
was proportional to the levels of the studied proteins. Protein levels were measured and
standardised using a Nanodrop device, Absorbance measurements were taken at 450 nm.

4.10, Chromatographic Determination of Biologically Active Compounds

Analysis of polyphenolic compounds in garlic extracts was performed using a
Prominence- LC 2030C D3 Plus system (Shimadzu, Kyoto, Japan) with a diode array
detector and a Luna Omega 5-um Polar C18, 100 A, 250 % 10 mm Phenomenex column
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(Torrance, CA, USA). The mobile phase flow rate was 1.2 mL/min, and the sample injection
volume was 20 L. The mobile phase consisted of two mixtures: mixture A (distilled water
actdified with 0.1% formic acid) and mixture B {methanol acidified with 0.1% formic acid).
Each analysis lasted 60 min and followed these gradient conditions: 20% to 40 B over
10 min, 40% B for 10 min, 40% to 50% B over 10 min, 50% to 60% B over 5 min, 60% B
for 5 min, 60% to 70% B over 5 min, 70% to 90% B over 5 min, 90% B for 5 min, 90% to
20% B (initial condition) over 1 min, and 20% B for 4 min. The process was carried out
at 40 °C. Polyphenolic compounds were identified at the following wavelengths: 254 nm
(myricetin, quercetin, luteolin, ischarmentil), 256 nm (rutin), 260 nm (vanillalic acid),
264 nm (kaempferol) 267 nm (apigenin, acacetin) 271 nm (gallic acid), 274 nm (syringic
acid), 278 nm (catechin, epicatechin), 283 nm (naringenin), 284 nm (hesperidin, 310 nm
{p-coumaric acid), 323 nm (caffeic acid, ferulic acid, sinapinic acid), 326 nm (chlorogenic
acid), and 329 nm (rosmarinic acid). Representative chromatograms have been added as a
Supplementary File. A calibration curve of standards was prepared to quantify the tested
compounds, Standard solutions were prepared in 70% methanol acidified with 0.1% formic
acid (POCh, Katowice, Poland) at a concentration of 100 ug/mL. Stock standard solutions
were diluted to obtain final concentrations in the range of 0.5 to 4.0 ug/mL. All solutions
were filtered through a membrane filter (PTFE 25 mm, 0.22 pm; ChemLand, Starogard,
Poland) [55]. Selected polyphenolic compounds were interpreted using LabSolution ver.
5.93 software (Shimadzu Corporation, Kyoto, Japan).

4.11. Statistical Analysis

The data were normalised to vehicle-treated controls (% of control). Results are
presented as mean = standard deviation (5D) from three independent experiments, with
each treatment repeated at least three limes. Stalistical analysis was performed using
GraphPad Prism 8 software with a one-way analysis of vaniance (ANOVA) with Tukey's
multiple comparison post hoc test. Statistically significant differences between individual
values were denoted as follows: * p < 0.05, ** p < 0,01, *** p < 0.001. In the case of
chromatographical one-way analysis of variance (ANOVA) with Dunnett's intergroup
post hoc test, the same letters (a, b, or ¢) indicate groups that do not differ statistically
significantly at p < 0.05 in the analysis,

5. Conclusions

Our study demonstrated that high ROS production was correlated with the strong
toxicity of the studied garlic extracts, The conducted experiments showed that all the
studied extracts produced a lesser increase in ROS in normal B fibroblasts and were less
toxic to these cells. The expression patterns of PPARy, LC3A, SODI, and CAT, as well
as the chromatographic findings, suggest different mechanisms of action for the studied
garlic cultivars (Figure 9). The current study showed the health-promoting and anticancer
properties of garlic. The highest levels of catechin, a known PPARy agonist, were detected
in the Hamas and Ornak cultivars, correlating with changes in PPARy and LC3A protein
expression. Unfortunately, we could not definitively identify which polyphenol, or how
itis involved, contributes to PPARy activation. Therefore, further studies are required to
elucidate the role of PPARy in the mechanism of action of garlic extracts.
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Figure 9. Proposed mechanism of action of the tested garlic extracts.
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Garfic (Allium sativum L.) belongs to the Allium genus and is one of the main bulbous
plants consumed frash, powdered, or cooked Numerous studies have shown thal
garlic exhibis antibyperlipidaemic, antioxidant. anti-inflammatory, cardiovascular
disease prevantive, antihypertensive, antibacterial, antiviral, antfungal, antiparasitic,
antidiabatic, anticarcinoganic, hepatoprotective, immunomodulatory, and
hypoglycaemic effects. Mordover, studies on polyphenois detected in garic ceveal
strong anficancer properties in vanous cell Bnes. The aim of this review is to
summarise the current state of knowledge regarding the anticancer properties and
shared molecular mechanisms of action of garic-derived polyphencic compounds. Our
analysis demonstrates that the polyphenaol content in garlic is highly variable and
depends on numerous factors, including the part of the plant, processing methods,
place of cultivation, and other conditions. Adddtionally, garkc is rich in anticancer
polyphenals, the proparties of which have been demonstrated in In vitro studies, The
anticancar machanism of action varies depending on the type of polyphenol. Several
polyphenols from garlic activate peroxisome prolifarator-activated recaplors, which
appear to contribute to at least part of garlic’s anticancer activity. The primary
machanism of garfic's anticancer properties relies on reactive oxygen species-
dependeant {oxicity andior apoptosis, and Nrf2 is also implicated in the mechanism of
action of garlic potyphenols. Our review provides avidenca that under in vitro
conditions, polyphenols presant in garlic may exhibit anticancer properties. Garlic is not
only a valuable culinary ingredient but also a natural medicine. Reqular consumption in
moderate amounts may offer numerous health benefils.

Raviewsr

Reviewer comment:

Rewision Suggestions for EJTCM-D-25-174

Thank you for submitting your manuscript to the Journal of Traditona! and
Complamentary Medicime. Your raview on the anticancer activity and molecutar
mechanisms of garfic-derived polyphenols addresses a highly relevant topic and offers
promising value. However, afier an initia! evaluation, we believe that the manuscript
could benefit from further development to clearly distinguish its contributions,
particularly in comparison to existing literature (e.g., Molecules 2021, 26, 5028). Below
are specific suggestions to enhance your manuscript:

1. Strengthen the Comparison with Existing Literature

While your manuscript focuses speciicalty on garlic polyphenols, which ls more
targeded than the broader review of black garc bioactives in the Molecules article, we
Sugpest expicitly positioning your work as a complementary and mare focused follow-
up.

Please consider adding a paragraph in the introduction or discussion to summarize the

'key contributions and limitations of pror reviews, and clardy how your study offers

novel insights, particidardy in mechanisic analysis.
Response 10 the Reviewer
We sincerely thank Reviewer for the tirme and efort devoted (o reviewing our

Powered by Edrarial Menager® and ProduXion Manager® from Aries Systems Corporation
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manuscripl. According 1o suggestion addtional information has been added to
infroduction, “Although he literature includes broad overviews of garlic’s health
benafits, faw focus specifically on the polyphenci-related anticancer mechanisms, For
instance, Ahmed and Wang (2021) reviewed the bioactive compounds and health
benefits of black garfic24. While they discussad is anticancer activity, they mostly
catalogued general effects—such as antioxidant or anti-nflammatory actions—without
axploring the molecular mechanisms of individual polyphenols. Similarly, Farhat et al.
(2021) described various garlic preparations and their anticancer benefits, focusing
primarily on organcsulphur compounds and ganeral antioxidant activity 25. A recent
review by Talib et al. (2024) also concentrated on garlic’s anticancer properties, mainly
in the cantext of crganosulphur constiluents bke allicin and ajoene. They mentioned
flavonoids and phenolics only briefly26.In contrast, the present manuscript offers a
novel contribution by focusing on garlic-derived polyphenols (e.q., quercetin, caffeic
acd, ferulic acid) and their specific anticancer mechanisms, We highlight how these
polyphencls modulate key molecular targets—such as the phosphoinositide 3-
kinase/protein kinase B (PI3K/AKY) survival pathway, the nuclear factor enythroid
2-related factor 2 (Nrf2) oxidative stress response, and transcription factors Mke
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and peroxisome
proliferator-activated receptor gamma (PPARy)—10 induce apoplosis, inhibit tumour
proliferation, and suppress metastasis. This mechanistic depth and focused analysis of
polyphenalic compounds destinguish our work from prior garlic reviews. By doing so,
we aim to fill a critical gap in understanding how garlic's polyphenols exert anticancer
effects at the molecular level.”

Response 1o the Reviewer

2. Deepen Analysis of Polyphenol Classes and Mechansms

Consider categonzing the major polyphenolic compounds {e.g., quercelin, calleic acid,
ferulic acid, etc,) and linking them to their respective anticancer pathways and
molecular largets, A table format would improve clarity and readabifity. Strangthea the
scientific foundation by citing mare specific in vitro or in vivo studies that support the
proposed effects. Mechanisms involving ROS, Nrf2, and PPAR activation should be
visually supported with illustrative pathway diagrams showing how each compound
Influences these cancer-related processes,

Reviewer comment:

According 1o Reviewer suggestion “Table 4, Major Garic-Derived Polyphenols and
Anticancer Mechanisms” has been added. Moreover, a new figure illustrating the
proposad mechanism of action of garlic polyphenols has been added o the
manuscripl.

PolyphenoiKey Molecular TargetsPathwaysAnticancer PathwaysEvidenceKey
Suppaoriing Studies

QuercetinPI3K/AKE, NF-kB, Nrf2, JAK2/STAT 3apoptosis, autophagy, cell cycle amest,
anti-angiogenesis, anti-metastasisin vitro, In vivo135 206

Calfeic AcidNAZIARE, PKCS, MAPKN(T2-mediated antioxidation, apoptosis,
angiogenests inhibibonin vitro, In vive207,208

Ferulic AcidCyclins/CDKs, autophagycell cycie amest, autophagy, chemoresisiance
reversalin vitro, In vivo208,209

p-Coumnaric AGOGRPTEUPR, Bax/Bi-2, NF-kBER-stress apoptosis, mitochondrial
apoplosis, inflammation inhibdionln vitro, In vivo210,211

KaempferolPI3K/Akt, MMP-2/8, p53Ceil survival Inhibition, apoptosis, anti-metastasis,
anti-anglogenesisin vitro, In vive212,213

Gallic AcidJAK2Z/STAT3, EGFR/MAPK, ROSApoptasis, chemotherapy potentiation,
ROS induction, anti-metastasisin vitro, In vivo214,215

Response to the Reviewer
3. Improve Visual Presentation and Structure

Powered by Editorial Manager® and ProduXion Manager® from Arles Systems Corporation
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Rework the anticancer mechanism diagram to better highlight specific molecular
pathways moduialed by polyphenols, such as PIZK/AKL, MAPK, or Keap1/Nri2, rather
than showing general antioxidant activity. Including a summary table of gariic
polyphenoks and their biological targetsieffects would enhance the practical value of
the review.

Ravewer comment:

According to Reviewer suggestion more esthetic Figures has been added to
discussion, Moreover entire new chapter "5, Detalled mechanisms of action of selected
garfic-derived polyphenols” with 6 subchapters conceming detailed mechanism of
action of Quercetin, Caffeic Acd, Ferulic Acid, p-Coumaric Acid, Kasempferol and Gallic
Acid has been added. According to Reviewer suggestion “Table 4. Major Garllc-
Derived Polyphenols and Anticancer Mechanisms” has been added. Detailed legends
for figures are in the manuscript.

Figure 1. Impact of garlic polyphencls on oxidatve homeostasis.

Figure 2. Proposed mechanism of action for garlic polyphenols.

Figure 3. Mechanisms of action of the crucial polyphenols,
Detailed logends for figures are in the manuscripl,

Reviewar comment:

4. Technical and Language Refinements

Some sactions of the manuscript contain long or redundant sentences, We
recommend a round of language polishing to improve clarity, coherence, and
conciseness. Ensure that figure legends and references follow the eJTCM style guide
and formatting requirements.

Summary

Your review addresses a timaly and important toplc. With revisions focusing on
comparative positioning, detaled mechanistic insights, and enhanced visual clarity, we
believe the manuscript can make a significant contribution to the literature on garlic
palyphenois and cancer praventicn. We look forward to recelving your revised
manuscripl and wish you continued Success in your research

Response to the Reviewer

in accordance with the Reviewer's suggestions, we subjectod the manuscript to
linguistic proofreading with an emphasis on shortening sentences and simplifying the
text.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation
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Cover Letter

Editors-in-chief, Rzeszbw, 28.01.2025

Dear Editor,

We wish to submit a new manuscript entitled: “Current state of knowledge on the
anticancer properties of polyphenolic compounds from garlic (Allium sativum L.)" (Urszula E.
Binduga, Konrad A. Szychowski) for consideration by the “Journal of Traditional and
Complementary Medicine”, We confirm that this work is original and has not been published
elsewhere. We have read and have abided by the statement of ethical standards for manuscripts
submitted to Journal of Traditional and Complementary Medicine. All authors have approved the
final article. My study does not involve human subjects., T have not submitted my manuscript to a
preprint server before submitting it to Journal of Traditional and Complementary Medicine.

This review manuscript provides evidence that under jn vitro conditions, polyphenols
present in garlic may exhibit anticancer properties. Garlic is not only a valuable culinary
ingredient but also a natural medicine. Regular consumption in moderate amounts may offer

numerous health benefits..

Thank you for your consideration of this manuscript.

Sincerely Yours,

Urszula E. Binduga, MSc

Department of Civilization Diseases and Regenerative Medicine,
Medical College,

University of Information Technology and Management in Rzeszow,
Sucharskiego 2, 35-225 Rzeszow, Poland,

Gidaes e oy
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Response to Reviawers (without Author Details)

Reviewer

Reviewer comment:
Revision Suggestions for EJTCM-D-25-174
Thank you for submitting your manuscript to the Journal of Traditional and Complementary
Medicine. Your review on the anticancer activity and molecular mechanisms of garlic-derived
polyphenols addresses a highly relevant topic and offers promising value. However, after an
initial evaluation, we believe that the manuscript could benefit from further development to
clearly distinguish its contributions, particularly in comparison to existing literature (e.g.,
Molecules 2021, 26, 5028). Below are specific suggestions to enhance your manuscript;
1. Strengthen the Comparison with Existing Literature
While your manuscript focuses specifically on garlic polyphenols, which is more targeted than
the broader review of black garlic bioactives in the Molecules article, we suggest explicitly
positioming your work as a complementary and more focused follow-up.
Please consider adding a paragraph in the introduction or discussion to summarize the key
contributions and limitations of prior reviews, and clarify how your study offers novel insights,
particularly in mechanistic analysis.
Response to the Reviewer

We sincerely thank Reviewer for the time and effort devoted to reviewing our
manuseript. According to suggestion additional information has been added to introduction,
“Although the literature includes broad overviews of garlic’s health benefits, few focus
specifically on the polyphenol-related anticancer mechanisms. For instance, Ahmed and Wang
(2021) reviewed the bioactive compounds and health benefits of black garlic®. While they
discussed its anticancer activity, they mostly catalogued general effects—such as antioxidant
or anti-inflammatory actions—without exploring the molecular mechanisms of individual
polyphenols. Similarly, Farhat et al. (2021) described various garlic preparations and their
anticancer benefits, focusing primarily on organosulphur compounds and general antioxidant
activity »*. A recent review by Talib et al. (2024) also concentrated on garlic's anticancer
properties, mainly in the context of organosulphur constituents like allicin and ajoene. They
mentioned flavonoids and phenolics only briefly*®.In contrast, the present manuscript offers a
novel contribution by focusing on garlic-derived polyphenols (e.g., quercetin, caffeic acid,
ferulic acid) and their specific anticancer mechanisms, We highlight how these polyphenols
modulate key molecular targets—such as the phosphoinositide 3-kinase/protein kinase B
(PI3K/Akt) survival pathway, the nuclear factor erythroid 2—related factor 2 (Nrf2) oxidative
stress response, and transcription factors like nuclear factor kappa-light-chain-enhancer of
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activated B cells (NF-xB) and peroxisome proliferator-activated receptor gamma (PPARy)—to
induce apoptosis, inhibit tumour proliferation, and suppress metastasis. This mechanistic depth
and focused analysis of polyphenolic compounds distinguish our work from prior garlic
reviews. By doing so, we aim to fill a critical gap in understanding how garlic’s polyphenols

exert anticancer effects at the molecular level,”

Response to the Reviewer

2. Deepen Analysis of Polyphenol Classes and Mechanisms

Consider categorizing the major polyphenolic compounds (e.g., quercetin, caffcic acid, ferulic
acid, etc.) and linking them to their respective anticancer pathways and molecular targets, A
table format would improve clarity and readability. Strengthen the scientific foundation by
citing more specific in vitro or in vivo studies that support the proposed effects. Mechanisms
mvolving ROS, Nrf2, and PPAR activation should be visually supported with illustrative
pathway diagrams showing how each compound influences these cancer-related processes.
Reviewer comment:

According to Reviewer suggestion “Table 4. Major Garlic-Derived Polyphenols and Anticancer
Mechanisms™ has been added. Moreover, a new figure illustrating the proposed mechanism of

action of garlic polyphenols has been added to the manuscript.

Key
Polyphe  Key Molecular Eviden “
Anticancer Pathways Supporting
nol Targets/Pathways ce
Studies
PI3K/Akt, NF-xB, apoptosis, autophagy, cell cycle In B
Quercet ) ) ) . ) .
| Nrf2, arrest, anti-angiogenesis, anti- vitro, 135200
in
JAK2/STAT3 metastasis In vive
In
Caffeic | Nrf2/ARE, PKC8,  Nrf2-mediated antioxidation, N
vitro, 07,208
Acid | MAPK apoptosis, angiogenesis inhibition A
In vivo
‘ : In
Ferulic . Cyclins/CDKs, cell cycle arrest, autophagy., -
| vitro, 208,209
Acid | autophagy chemoresistance reversal
i In vivo
p- ‘ B . In
| GRP78/UPR, ER-stress apoptosis, mitochondrial
Coumar : L vitro, aau
Bax/Bcl-2, NF-kB  apoptosis, inflammation inhibition I
ic Acid In vivo
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In
Kaemp/ | PI3K/Akt, MMP-  Cell survival inhibition, apoptosis,
vitro, 212213
erol | 219, p53 anti-metastasis, anti-angiogenesis :
In vivo
Gai JAK2/STAT3, Apoptosis, chemotherapy In
allic
e EGFR/MAPK, potentiation, ROS induction, anti-  vitro, A
ci
ROS metastasis In vivo

Response to the Reviewer

3. Improve Visual Presentation and Structure

Rework the anticancer mechanism diagram to better highlight specific molecular pathways
modulated by polyphenols, such as PISK/Akt, MAPK, or Keapl/Nrf2, rather than showing
general antioxidant activity. Including a summary table of garlic polyphenols and their
biological targets/effects would enhance the practical value of the review.

Reviewer comment:

According to Reviewer suggestion more esthetic Figures has been added to discussion.
Moreover entire new chapter 5. Detailed mechanisms of action of selected garlic-derived
polyphenols™ with 6 subchapters concerning detailed mechanism of action of Quercetin, Caffeic
Acid, Ferulic Acid, p-Coumaric Acid, Kaempferol and Gallic Acid has been added. According
to Reviewer suggestion “Table 4. Major Garlic-Derived Polyphenols and Anticancer
Mechanisms™ has been added. Detailed legends for figures are in the manuscript.

ROS level T
Apoptosis T
Toxicity T

il

Oxidative homeostasis

Figure 1. Impact of garlic polyphenols on oxidative homeostasis,
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Figure 2. Proposed mechanism of action for garlic polyphenols.
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Figure 3. Mechanisms of action of the crucial polyphenols,

Detailed legends for figures are in the manuscript.

Reviewer comment:

4. Technical and Language Refinements

Some sections of the manuscript contain long or redundant sentences. We recommend a round
of language polishing to improve clarity. coherence, and conciseness. Ensure that figure legends
and references follow the eJTCM style guide and formatting requirements.
Summary

Your review addresses a timely and important topic. With revisions focusing on comparative
positioning, detailed mechanistic insights, and enhanced visual clarity, we believe the
manuscript can make a significant contribution to the literature on garlic polyphenols and
cancer prevention. We look forward to receiving your revised manuscript and wish you
continued success in your research.

Response to the Reviewer

In accordance with the Reviewer's suggestions, we subjected the manuscript to linguistic

proofreading with an emphasis on shortening sentences and simplifying the text,
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Highlights

. Numerous polyphenols from garlic exhibit anticancer properties.

. The anticancer mechanism of action varies depending on the type of polyvphenol,

. PPARs appear to play a role in the anticancer activity of several compounds.

. The major mechanism of garlic polyphenols' anticancer properties depends on ROS.
. Nrf2 is involved in the mechanism of action of garlic polyphenols.
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Abstract

Garlic (Allium sativum L.) belongs to the Alliwm genus and is one of the main bulbous plants
consumed fresh, powdered, or cooked., Numerous studies have shown that garlic exhibits
antihyperlipidaemic, antioxidant, anti-inflammatory, cardiovascular disease preventive,
antihypertensive,  antibacterial,  antiviral, antifungal, antiparasitic,  antidiabetic.
anticarcinogenic, hepatoprotective, immunomodulatory, and hypoglycaemic effects. Moreover,
studies on polyphenols detected in garlic reveal strong anticancer properties in various cell
lines. The aim of this review is to summarise the current state of knowledge regarding the
anticancer properties and shared molecular mechanisms of action of garlic-derived
polyphenolic compounds. Our analysis demonstrates that the polyphenol content in garlic is
highly variable and depends on numerous factors, including the part of the plant, processing
methods, place of cultivation, and other conditions. Additionally, garlic is rich in anticancer
polyphenols, the properties of which have been demonstrated in in vitro studies. The anticancer
mechanism of action varies depending on the type of polyphenol. Several polyphenols from
garlic activate peroxisome proliferator-activated receptors, which appear to contribute to at least
part of garlic’s anticancer activity, The primary mechanism of garlic’s anticancer properties
relies on reactive oxygen species-dependent toxicity and/or apoptosis, and Nrf2 is also
implicated in the mechanism of action of garlic polyphenols. Our review provides evidence that
under fn vitro conditions, polyphenols present in garlic may exhibit anticancer properties. Garlic
is not only a valuable culinary ingredient but also a natural medicine. Regular consumption in

moderate amounts may offer numerous health benefits.
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Manuscript (without Author Details) Click here to view linked References £

1 L Introduction

; 2 Garlic (Allium sativum L.) belongs to the Allium genus and is one of the primary
f 3  bulbous plants consumed fresh, powdered, or cooked. It is also traditionally used as a
: 4  medicinal plant worldwide’. Fresh garlic cloves contain approximately 63% water, 28%
7 5  carbohydrates, 7% protein, 0.2% fat, 0.8% fibre, and a significant amount of sulphur
: 6 compounds. These compounds contribute to the characteristic pungent taste and odour of
if 7 garlic % To date, it is widely accepted that garlic is rich in various biologically active
g 8  substances’. Its diverse chemical composition provides a wide range of biological effects.
i; 9  Numerous studies indicate that garlic extracts or the consumption of raw cloves exhibit
if’ 10 antihyperlipidaemic®, antioxidant’, anti-inflammatory®, cardiovascular’, antihypertensive®,
18 11 antibacterial’, antiviral'®, antifungal'', antiparasitic'?, antidiabetic'®, anticarcinogenic'?,
;: 12 hepatoprotective'”, immunomodulatory'®, and hypoglycacmic'” effects.
§§ 13 Garlic’s biologically active compounds can be broadly classified into two groups:
22 14 sulphur-containing and sulphur-free compounds'®, The first group includes alliin, y-
gg 15  glutamylcysteine, and their derivatives such as allicin, diallyl sulphide (DAS), diallyl
g; 16 disulphide (DADS), diallyl trisulphide (DATS), ajoene, S-allyleysteine (SAC), and S-
29 17  allylmercaptocysteine (SAMC)'®. Garlic contains the highest concentration of sulphur
32 18  compounds among all Allium species. Therefore, this class of compounds is widely
;§ 19  considered responsible for its health-promoting properties'’. However, the second group—
g; 20  sulphur-free compounds—also includes important bioactives, particularly polyphenols™.
:3 21 Despite being often underestimated, these compounds exhibit health-promoting properties
;g 22 comparable to, or even stronger than, those of sulphur-containing molecules®’, Morcover,
40 23  some polyphenol groups are present in higher amounts in aged garlic extract or black garlic
:;1» 24  (BG) compared to raw garlic?®?,

:i 25 In 2022, an estimated 20 million new cancer cases and 9.7 million cancer-related
:2 26  deaths were reported worldwide™. As a result, the search for new therapeutic options and,
:; 27  more importantly, effective cancer prevention strategies is a major focus of the scientific
;g 28  community, Garlic, as a functional food, holds promise in this context. However, current data
51 29  on the role and significance of garlic-derived polyphenolic compounds in cancer prevention
:§ 30 remain fragmented and scattered. The aim of this manuscript is to summarise the current state
:; 31 of knowledge regarding the anticancer properties and molecular mechanisms of action of
:g 32  garlic-derived polyphenols.

:g 33 Although the literature includes broad overviews of garlic's health benefits, few
80 34 focus specifically on the polyphenol-related anticancer mechanisms. For instance, Ahmed and
: 1
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Wang (2021) reviewed the bioactive compounds and health benefits of black garlic®*. While
they discussed its anticancer activity, they mostly catalogued general cffects—such as
antioxidant or anti-inflammatory actions—without exploring the molecular mechanisms of
individual polyphenols. Similarly, Farhat et al. (2021) described various garlic preparations
and their anticancer benefits, focusing primarily on organosulphur compounds and general
antioxidant activity **. A recent review by Talib et al. (2024) also concentrated on garlic’s
anticancer properties, mainly in the context of organosulphur constituents like allicin and
ajoene. They mentioned flavonoids and phenolics only briefly™, In contrast, the present
manuscript offers a novel contribution by focusing on garlic-derived polyphenols (e.g.,
quercetin, caffeic acid, ferulic acid) and their specific anticancer mechanisms, This
manuscript highlight how these polyphenols modulate key molecular targets—such as the
phosphoinesitide 3-kinase/protein kinase B (PI3K/Akt) survival pathway, the nuclear factor
erythroid 2-related factor 2 (Nrf2) oxidative stress response, and transcription factors like
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and peroxisome
proliferator-activated receptor gamma (PPARy)—to induce apoptosis, inhibit tumour
proliferation, and suppress metastasis. This mechanistic depth and focused analysis of
polyphenolic compounds distinguish our work from prior garlic reviews. By doing so, we aim
to fill a critical gap in understanding how garlic’s polyphenols exert anticancer effects at the

molecular level,

2, Types of polyphenolic compounds in garlic

Polyphenols are naturally occurring compounds primarily found in fruits, vegetables,
and various plant-derived materials, To date, more than 8,000 polyphenolic compounds have
been identified in plants®”. Typically, plants synthesise polyphenols in response to stress.
These compounds help protect young plants from pests, ultraviolet radiation, and pathogens®®,
Polyphenols also influence key sensory and stability-related properties of food, including
taste, colour, oxidative stability, and aroma. The polyphenol content in garlic is modulated by
numerous factors. In addition to environmental stressors, these include the garlic variety, soil
type, country of origin, sunlight exposure, ranfall, degree of plant maturity, harvest time,
processing methods, and storage conditions'#27%77,

Polyphenols can be classified into several groups based on the number of phenol
rings and the structural linkages between them®™*, These groups include flavonoids (e.g.,
quercetin, catechins found in green tea) *, phenolic acids (e.g., chlorogenic acid from coffee)

M _stilbenes {e.g., resveratrol from red wine) *%, and lignans (e.g., from linseed) *°.

2
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Lignans are diphenol derivatives containing a dibenzylbutane skeleton. They exhibit
characteristics similar to those of phytoestrogens™. It has been suggested that lignans may
confer several health benefits, including antioxidant, antitumor, oestrogenic and anti-
oestrogenic effects, as well as cardiovascular protection™. In the Mediterrancan diet, lignan
sources include garlic, onion, leafy and non-leafy vegetables, cereals, and seasonal fruits such

as citrus, Each of these contributes differently—ranging from 11% to 70%—to the total

polyphenol intake?®,
Stilbenes are composed of a benzoin ring structure with 15 carbon atoms and a
phenylpropane unit. Their biological activity is determmed by diverse structural

modifications, which also overlap with those seen in flavonoids*™*', Although present in food
only in small quantitics, the best-known stilbenc 1s resveratrol, found in red wine. Notably,
studies on garlic from Nigeria have also identified resveratrol as the dominant stilbene m this
variety™.

Phenolic acids are generally classified into two types: benzoic acid derivatives and
cinnamic acid derivatives. These compounds feature a benzoic acid ring with carboxyl and
hydroxyl groups. Among them, hydroxycinnamic acids are more prevalent and include p-
coumaric acid, caffeic acid, sinapic acid, and ferulic acid. In contrast, hydroxybenzoic acids
include gallic acid. vanillic acid, p-hydroxybenzoic acid, and syringic acid*. Phenolic acids
demonstrate strong antioxidant activity through multiple mechanisms, These include reducing
activity (via electron or hydrogen donation). free radical scavenging, and interruption of
radical chain reactions, Additionally, they act as oxidase inhibitors and metal ion chelators™,
The antioxidant nature of phenolic acids significantly contributes to their recognized health-
promoting effects.

Flavonoids are the largest and most extensively studied group of polyphenols. They
are further classified into subgroups such as flavonols, flavones, catechins, proanthocyanidins,

anthocyanidins, and 1soflavonoids, as summarised in Table 1.

Types of flavonoids Example Example sources References
compounds
FLAVONOLS Quercetin, Raw/black garlic, red 54
kaempferol, fisetin | onion, fresh capers
FLAVONES Apigenin, acacetin, | Raw/black arlic, BT
luteolin parsley, rosemary
3
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CATECHINS Epicatechin, Raw garlic, broad LT
epigallocatechin, beans, green tea
epicatechin gallate

ISOFLAVONES Daidzein, genistein, | Raw garlic, soya, T
glycitein broccoli

FLAVANONES Naringenin, Raw garlic, orange, 3052
hesperetin, lemon
eriodictyol

FLAVANOLS Epigallocatechin Raw/black garlic, L2
gallate, epicatechin, | green tea, cocoa
theflavin-3,3"-
digallate

CHALCONES Lonchocarpin, Tomato, Ginkgo 4,
cardamonin, biloba leaves,
licochalcones liquorice roots

Table 1. Classification and sources of flavonoids

Many flavonoids and related compounds are known for their strong antioxidant
properties™, They have been widely studied as potential bioactive ingredients for
incorporation into functional foods. The primary activity of polyphenols is their ability to
scavenge free radicals. This includes their capacity to chelate reactive metals and stabilise
radicals™*%, However, under certain conditions, polyphenols may undergo oxidation. Factors
contributing to peroxidation include alkaline pH, oxygen exposure, and high concentrations of
specific metals®™™**. The compound's structure plays a key role in its radical scavenging
activity. with critical features including the number of hydroxyl (-OH) groups and the degree
of methylation®®,

Plants from the Allium genus, including garlic, are recognised for containing
significant amounts of polyphenols®. Our analyses revealed that raw garlic bulbs contain the
highest levels of B-resorcylic acid, allyl isothiocyanate, pyrogallol, p-hydroxybenzoic acid,
and syringic acid (Table 2). Unfortunately, these compounds have not yet been studied in BG.
A literature review shows that apigenin, kaempferol, and naringenin have not been detected in
BG. Moreover, compounds such as caffeic acid, catechin, chlorogenic acid, ¢picatechin, gallic

acid, and quercitrin are present in BG but in lower quantities than in raw garlic. BG is

4
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produced by aging whole garlic bulbs or separated cloves under controlled humidity (80%-
90%) and temperatures ranging from 60°C to 90°C, typically for 15 to 90 days". In recent
years, BG products have become increasingly popular in the Korean market as health-oriented
foods, largely due to growing public awareness of garlic’s health benefits™, However, many
health-promoting compounds may degrade during the aging process. For example, allyl
isothiocyanate is unstable and gradually decomposes in water at room temperature and 37°C,
forming garlic-like odorous compounds®'. It undergoes multiple chemical reactions, including
hydrolysis, oxidation, thermal degradation, and interactions with proteins®. This instability
may account for the absence or reduced concentration of certain substances in BG compared
to raw garlic, On the other hand, the concentrations of epigallocatechin gallate, m-coumaric
acid, morin, o-coumaric acid, p-coumaric acid, quercetin, resveratrol, and vanillic acid are
higher in BG. This increase is likely due to the technological processing. Previous studies
have shown that the BG production process increases total polyphenol and flavonoid content,
while selectively enhancing certain compound classes®. A similar trend has been observed in
other foods. For instance, during the aging of tangerine peel, flavonol levels tend to decrease,
while isoflavones and chalcones increase. Dihydroflavones and flavanones decrease during
the same process™. These findings support the hypothesis that technological processing
significantly influences the polyphenol profile in BG,

Literature data also indicate that dried garlic contains lower levels of several
polyphenols, such as catechin, kaempferol, protocatechuic acid, and rutin, compared to raw
garlic. The exception is quercetin, which is found in higher concentrations in dried garlic. As
discussed above, thermosensitive polyphenols can degrade during garlic processing. However,
total polyphenol content generally increases during drying®. In onions, it has also been
reported that quercetin levels rise in dried onion skins®. Thus, our findings are consistent with
the current understanding of how technological processes affect polyphenol composition.

A comparison between garlic leaves and cloves showed that leaves contain
significantly higher levels of apigenin, catechin, chlorogenic acid, ferulic acid, hesperidin,
luteolin, naringin, p-coumaric acid, p-hydroxybenzoic acid, quercitrin, rutin, sinapic acid, and
vanillic acid. Therefore, garlic leaves may serve as a valuable source of bioactive compounds,
particularly during early spring. Studies have also shown that garlic leaves contain more
vitamin C, a higher total polyphenol content, and exhibit stronger antioxidant activity than
cloves™. Although garlic leaves are less commonly consumed in Europe and North America,
they are widely used in Southeast Asia and China, especially in cuisines that emphasise fresh,

seasonal ingredients™"7,
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Our analysis also revealed significant variability in polyphenol content among garlic
samples. For example, catechin ranged from not detected (N.D.) to 95.03 mg/kg, ellagic acid
from N.D. to 103,50 mg/kg, hyperoside from 0.37 to 89.24 mg/kg, myricetin from 30.80 to
139.50 mg/kg, p-hydroxybenzoic acid from N.D. to 218.97 mg/kg, and rutin from 64.90 to
687.80 mg/kg, This variability likely reflects genetic differences among garlic cultivars,
Additional contributing factors include soil composition, fertilisation practices, harvest

maturity, postharvest storage, handling procedures, and climatic conditions®®’,
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Polyphenol | Range of detection
Type of garlic References
compounds (mg/kg)
Acacetin 25.20 Raw garlic “
Allyl isothiocyanate 124,90-340.45 Raw garlic Loi
3.24-23.20 Raw garlic xn
Apigenin N.D. Black garlic »
17.90-38.80 Raw garlic leaves i
p-Resorcylic acid 313.50-452.10 Raw garlic 3
Benzoic acid N.D.-39.22 Raw garlic 18
0.06-81.97 Raw garlic 1203048,71,72
Caffeic acid 12.21-25.58 Black garlic T
14.80-36.70 Raw garlic leaves »
N.D.-95.03 Raw garlic 120303148
17.51 Black garlic 3
Catechin
5780.60 Raw garlic leaves »
1.12 Dried garlic M
Catechol 9.53 Raw garlic el
N.D.-93.94 Raw garlic 1.20.30A870-72
Chlorogenic acid
13.40 Black garlic ol
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133.30-1068.70 Raw garlic leaves -
Cinnamic acid 0.60 Raw garlic “
Daidzein N.D-0.10 Raw garlic 0,51
Ellagic acid 14.29 Raw garlic ®
N.D.-103.50 Raw garlic 120304548.70-72
Epicatechin 38.32 Black garlic 40
42.60 Raw garlic leaves el
Epigallocatechin 0.06 Raw garlic .
Epigallocatechin 0.55-1.03 Raw garlic I
gallate 19.52-23.12 Black garlic 2
0.06-39.66 Raw garlic MI0AL0-T
Ferulic acid
31.00-138.50 Raw garlic leaves e
0.97-96.48 Raw garlic 12031A8.70-72
Gallic acid 2.50-45.53 Black garlic i
7.74 Dried garlic I
Genistein 0.10-0.20 Raw garlic 031
N.D.-8.30 Raw garlic s
Hesperidin
58.80-472.80 Raw garlic leaves e
Hydroxytyrosol 0.16 Raw garlic bt
Hyperoside 0,37-89.24 Raw garlic B
Isoferulic acid 278 Raw garlic “
Isoorientin 0.91 Dried garlic B
Isovanillic acid 3.02 Dried garlic H
Kaempferol 0.07-23.90 Raw garlic 0048
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N.D, Black garlic 0
7.90-26.60 Raw garlic leaves bt
1.13 Dried garlic N
0.15-22.92 Raw garlic N
Luteolin
9.30-46.70 Raw garlic leaves ol
4.84 Raw garlic 27
m-Coumaric acid
13.99 Black garlic L
1.06-1.33 Raw garlic o
Morin
6.19-7.74 Black garlic 0
30.80-139.50 Raw garlic 3
Myricetin
81.40-105.30 Raw garlic leaves %
N.D.-56.71 Raw garlic nwnan
Naringenin
N.D. Black garlic »
22.30-70.40 Raw garlic »
Naringin
73.60-221.70 Raw garlic leaves 0
0.66 Raw garlic 0%
o-Coumaric acid
14.44 Black garlic 0
Ovientin 0.95 Dried garlic 3
0.55-22.80 Raw garlic 203048,70,72
p-Coumaric acid 32.73 Black garlic a
29.50-106.0 Raw garlic leaves o
p-Hydroxybenzoic N.D.-218.97 Raw garlic 0.7
acid | 12550-914.80 Raw garlic leaves %
Protocatechuic acid 4.22 Raw garlic s
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223 Dried garlic
Pyrogallol 426.26 Raw garlic -
N.D.-0.13 Raw garlic 2048
Quercetin 7.31 Black garlic n
0.56 Dried garlic H
0.14-14.52 Raw garlic 20,3048,71
Quercitrin 9.89 Black garlic %
6.00-62.80 Raw garlic leaves A
0.58-0.61 Raw garlic o
Resveratrol
6.42 Black garlic »
Rosmarinic acid 0.31 Raw garlic “
N.D.-43.43 Raw garlic 08717
Rutin 64.90-687.80 Raw garlic leaves 0
0.10 Dried garlic ™
Salicylic acid 1.77 Raw garlic @
1.00-5.40 Raw garlic 0
Sinapic acid
139.60-233.90 Raw garlic leaves »
Syringic acid 1.77-200.02 Raw garlic 348
N.D.-3.20 Raw garlic 120304872
Vanillic acid 6.41 Black garlic x
22.60-64.80 Raw garlic leaves o
Vitexin 1.98 Dried garlic "

Table 2. Summury of polyphenols detected in different garlic parts or processed forms.



The table summarises the minimum and maximum amounts of polyphenols detected in garlic. In cases
where only one reference study measured the content of a specific polyphenol, & single value is
provided in the table. All units, such as parts per million (ppm), nmol/g, pg/g, and mg/100g, have been
converted to mg/kg. N.D.. not detected.

3. Garlic polyphenol anticancer properties

Cancer remains one of the most pressing health challenges in modem society.
Consequently, the vast majority of polyphenols have been investigated for their anticancer
potential. Most studies have assessed these effects in cell culture models (Table 3). However,
experimental studies involving animals or human participants remain scarce, According to the
2022 World Health Organization (WHO) report, the three most prevalent cancer types
worldwide are lung, breast, and colorectal cancers™. It is therefore not surprising that most in
vitro studies have focused on cell lines derived from these cancer types. Current evidence
indicates that all polyphenols identified in garlic exhibit anticancer activity in vitro (Table 3).
The table summarises representative publications describing the in vitro anticancer effects of

garlic-derived polyphenols,

Type of
Name of cell line Observed effect Reference
polyphenal
\ cell viability], apoptosist,
MCF-7, 143B, MG63, Y4/ApOp J
Acacetin DNA fragmentationf, caspase- T
SISA, HOS
3.-8,-91
; cell viability), apoptosist,
Allyl | )
| GBMS401, MCF-7 DNA fragmentationf, caspase- s
isothiocyanate
3,-8,-91
HeLa, HUH7, CACO-2,
MG63, HT-29, A673, cell viability|, apoptosist,
Benzoic acid el apoptass{ »
SW48, PC3, HCT-116, ROST
HCT-15
apoptosisT, DNA damage?,
Caffeic acid | ME-180, HeLa, HCT-116 T 7 el um
ROST
cell viability |, apoptosist,
HCT-15, HCT-116, - !
Catechin DNA damageT, cell cycle L
HepG2, A549
arrest?

10

61



Om S W

DNA damage?, apoptosisT,
MCF-7, MDA-MB-231,
Catechol cell cycle arrestt, colony
KP2, H460 )

formation |
cell viability], cell

Chlorogenic acid A549, HT-29 proliferation |, apoplosist,
ROST

cell viability |, cell cyele

arrest, apoptosisT, caspase-
91, cell number |, DNA
synthesis|

Cinnamic acid HT-144, CACO-2

cell viability|, apoptosisf,
Coumaric acid HCT-15, HT-29, U- yL, 8poprosis]

DNA fragmentationt, colon
Hbiners 138MG o xeslony

formation|, ROS?
SKBR3, BT474, MBA- cell cycle arrestt, apoptosis?,
Curcumin
MB-231, MCF-7 DNA fragmentation

cell viability], cell
USTMG, U118, MCF-7,  proliferation |, DNA damageft,
MDA-MB-231 apoptosis?, cell cycle arrestt,
colony formation]
cell viability}, cell
MCF-7, MDA-MB-231,  proliferation |, apoplosist, cell
U937, MKN-4 cycle arrestt, ROST, DNA
fragmentation

Ellagic acid

Epicatechin

cell viability], cell

Epigallocatechin liferation ], apoptosis?,
e . H1299, A549, HepG2 o ¢ .pop il
gallate colony formation], cell

migration |

cell viability|, cell cycle
DU-145, MCF-7, PANC-
Ferulic acid arrest?, cell proliferation|,
1, MDA-MB-231

apoptosist
cell proliferation], apoptosis?,
A549, HepG2, v l P
Gallic acid DNA fragmentation], ROST,
SMMC-7721

caspase-3 and -9 expression?

1"
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K586

47,88

9.9

53,94

95,96

9N

28100

104,102

103,104



WHB g LN -

HN6, HNIS, DU145,

Hesperidi
—— PNTIA

Hispidulin | NCI-H460, A549, A2058

T of LS180, Jurkat, HL60,
vdha.tvl Jros
Raw264.7
- i A431, A432, HS-4, MCF-
‘osude
o 7,471

Isoferulic acid Raji, K562, Jurkat

HT-29, A549, NCI-H23,

Isoorientin
NCI-H460
A375, MDA-MB-231,
Kaempferol
| BT474
|
MDA-MB-231, MKN45,
Luteolin

BGC823

Morin SK-BR-3, SW480
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cell proliferation [, cell
migration}, cell viability|,
colony formation ], ROSt,
LDH releaset, apoptosis{
cell proliferation, apoptosist,
tumour volume/, cell
migration |, cell viability |,
caspase-3 expressionf
cell viability], apoptosist, cell
cvcle arrest]
cell viability|, apoptosist, cell
number], cell migration],

caspase-3 and -9 expressiont

apoptosist, cell cycle arrestt

cell viability |, apoptosist,
caspase-3 and -8 mRNA
expression and activities?,
ROS?, cycle arrest]

cell viability], apoptosist,
cycle arrestt, colony
formation |, caspase-3 and -9

expressiont

cell viability |, apoptosisf,
cycle arrest?, colony
formation |, caspase-3 and -9
expressiont
cell viability |, apoptosist,
caspase-3 and -7 expressiont,
cycle arrestt, colony

formation|

105,106

107,108

(AR

11,12

"3

114,113

1a 117

s ne

120,121
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Myricetin

Naringenin

Naringin

Orientin

p-Hydroxybenzoic

acid

Protocatechuic

acid

Pyrogallol

Quercetin

Quercitrin

Resveratrol

Rosmarinic acid

Rutin

Salicylic acid

Sinapic acid

A549, HT-29

MDA-MB-231, SKBR3,
BI16F10, SK-MEL-28

MDA-MB-231, WiDr

T24, HT-29

K562, PC-3, LNCaP,
MDA-MB-231, MCF-7,
MCF-10A

A549, HepG2

HT-29, ASPC-1, A2780,
DUI45, PC3

DU145, PC3, HepG2,
Hep3B, HCT-116

A549, NCI-H358, DLD-1

HK-2, L02, 4T1, HepG2,
PC-3

A549, MDA-MB-231,
U251, U343

SA0S2, 786-0

BI6F10, J774, MCF-7,
MCFI0A, HCT-116

HT-29, PC-3, LNCaP
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cell viability |, apoptosis?, cell
migration ]
cell viability|, apoptosis?,
cycle arrestt, cell migration|
cell viability |, caspase-3
expression?
cell viability |, apoptosist,
cycle arrest]

cell viability}, apoptosist,
cycle arrest?, cell migration)

cell viability}

cell viability, apoptosis?,

cycle arrest

cell viability[, colony
formation), ROS?
cell viability ], apoptosist,

caspase-3 activity?

cell viability |, toxicity1,

apoptosis?t, cycle arrestt

cell viability], apoptosis?, cell
migration ), DNA
fragmentation

cell viability |, apoptosis?
cell viability}, apoptosis?,
colony formation |

cell viability . apoptosist,
caspase-3 expression?

122,123

124,125

127,128

129,130

131,132

133,134

135,136

137,138

139,140

141,142

145,152

145,146

147,148
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Prim: ric cancer, cell viability |, apoptosist,
Syringic acid o o ezt Wi
DU-145 ROST
cell viability|, osisT,
Vanillic acid A549, MCF-7 4 Bpoploest 1512
ROS1t
cell viability |, toxicityf,
Vitexin HCT-116, A549 apoptosist, caspase-3 V3,15
expressiont

Table 3. Selected anticancer effects of polyphenols detected in garlic on cancerous cell lines in
witro. 1, increase; |, decrease.

Our analysis showed that polyphenols detected in garlic were primarily studied on
similar cell lines derived from the digestive system (e.g.. CACO-2, HT-29, HCT-15, HCT-
116, SW480), breast cancers (e.g.. MCF-7, MDA-MB-231, 4T1, BT474, MCF10A, SK-BR-
3), and lung cancers (ec.g., A549, HI1299), These cancer types correspond to the most
prevalent cancers identified by the WHO (summarised in Table 3). However, other cancer
types have also been studied in the context of polyphenols derived from plants, including
garlic. The most commonly investigated cancers beyond these include those of the nervous
system (e.g, Ul18, USTMG, SH-SYSY, U251, U343), liver (e.g., HepG2, Hep3B), and
prostate (e.g.. DU1I45, PC3, LNCaP). In the cell lines mentioned, similar mechanisms of
action for the studied polyphenols have been observed. These include inhibition of cell
proliferation, a decrease in cell viability, and, in most cases. initiation of the apoptosis
process’ " HUESHINIE (qummarised in Table 3). In the vast majority of studied cell lines, the
described polyphenols selectively induce cell death in cancerous cells without causing
significant damage to normal cells. Moreover, rescarch consistently shows that apoptosis is
mediated by an increased level of reactive oxygen species (ROS) ™#4755.103,10¢

The anticancer effect of individual polyphenols has also been studied in animal
models. Researchers demonstrated that, in a rat oesophageal in vivo model, ellagic acid (0.4
and 4 g'kg) significantly decreased the average number of tumours induced by N-nitroso-N-
methylbenzylamine (NBMA). Additionally, ellagic acid inhibited both preneoplastic and
neoplastic lesions in this bioassay'%. It was shown that ellagic acid reduces the formation of
NBMA metabolites as well as their binding to DNA in cultured rat oesophageal explants'™,
However, the potential use of ellagic acid as a cancer chemopreventive agent is limited by its

poor bioavailability when administered orally and its low solubility in water'** This
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limitation was overcome by administering ellagic acid as a subdermal implant, which was
evaluated in oestrogen-induced rat mammary tumours. Notably, a much smaller dose of
cllagic acid was required via subdermal administration to achieve a similar reduction in
tumour burden, compared with dietary intake'*. Mechanistically, in terms of its cancer
chemopreventive potential, ellagic acid modulates various cell regulatory proteins, This
includes the downregulation of p-STAT3, p-Akt, and p-ERK1/2, which leads to cell apoptosis

or inhibition of proliferation'"'%,

In another study, resveratrol inhibited the development of preneoplastic lesions in
carcinogen-treated mouse mammary glands in culture. It also suppressed tumourigenesis in a
mouse skin cancer model'®, Additionally, a separate study demonstrated the antioxidant
activity of resveratrol in preventing tumour initiation. This was achieved by inhibiting
angiogenesis through interactions with vascular endothelial growth factor (VEGF) and
metalloproteases®. In vivo experiments further showed that resveratrol inhibits tumour
growth in athymic mice by suppressing angiogenesis and increasing apoptosis in LNCaP
xenograft cells'®. This compound also prevents the progression and growth of prostate cancer
in transgenic adenocarcinoma of the mouse prostate (TRAMP) models by inducing apoptosis
and reducing androgen receptor expression in tumour cells'®, Animal studies have also
confirmed curcumin’s ability to inhibit tumour growth and angiogenesis in athymic mice
implanted with PC3 xenografis. These effects are mediated by reduced proliferation and
enhanced apoptosis' 1%,

To date, animal and human studies on the anticancer effects of garlic have primarily
focused on sulphur compounds. However, the relationship between organic sulphur
compounds and phenolic compounds, as well as their combined biological activity, remains
poorly understood. Researchers emphasise the synergistic therapeutic effects of these
compound classes'®. Li et al, reported that in C57BL/6 mice inoculated with highly
aggressive mouse lymphoma cells, injection of raw garlic extract eliminated cancer cells
without signs of adversc effects. In contrast, all animals in the control group succumbed to the
discase’®”. Other studies have shown that supplementation with raw garlic powder reduced the
incidence of mammary cancer in rats and prevented mammary carcinogenesis induced by N-
methyl-N-nitrosourea**'. Unfortunately, most available studies focus on sulphur
compounds. These have been shown to mildly reduce tumour incidence and severity in
models of N-nitroso compound-induced carcinogenesis' ™. This reductionist approach has led

to numerous studies evaluating individual garlic constituents for their anticancer properties. In
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most animal studies, oral administration of garlic or its isolated compounds resulted in weak
direct anticancer effects at best'”, These and other findings suggest that garlic’s anticancer
propertics may be more effective upon direct exposure to cancer cells, rather than after
absorption through the gastrointestinal epithelium. Morcover, it cannot be excluded that garlic
polyphenols exert their strongest effects as a mixture, where compound interactions enhance
bioactivity.

Most human studies on garlic's anticancer effects have been retrospective surveys,
aimed at identifying potential associations between cooked garlic consumption and cancer
incidence or progression'™'™, Some studies have involved dietary interventions in which
participants consumed garlic. However, direct evidence supporting garlic’s anticancer
potential in humans remains weak'”'", Studies specifically addressing polyphenol effects in
humans arc particularly rare, In clinical trials on healthy volunteers, Goldberg et al.
investigated the absorption kinetics of resveratrol, quercetin, and catechin after ingestion'””,
Their results showed that peak plasma concentrations occurred at 30 minutes post-
consumption. However, levels returned to baseline within 4 hours'”, Further research by
Walle et al. and Goldberg et al. confirmed the low bioavailability of these polyphenols in their
active forms' 7', Therefore, to exert sustained biological effects, polyphenols would require
continuous dietary intake, Currently, 1t 1s believed that regular garlic consumption, as part of a
balanced diet, may support cancer prevention and therapy™. However, it is important to
emphasise that garlic provides supportive effects only and does not replace conventional
cancer treatments. The relationship between polyphenol intake and cancer risk has been
regularly assessed and meta-analysed over the past 10-135 years, For example, a meta-analysis
of prospective studies found that isoflavone consumption was associated with a 19%
reduction in gastric cancer risk'”. Despite decades of research, the anticancer properties of
garlic still lack conclusive evidence, particularly regarding curative effects against aggressive

cancers in animal models or humans.

4. The common mechanism of action of polyphenols found in garlic

The high polyphenol content in garlic is commonly associated with strong
antioxidant and health-promoting properties. This is largely attributed to their ability to
scavenge endogenous reactive oxygen species (ROS). Numerous studies on garlic extracts
have shown that high polyphenol levels protect normal cells from ROS-dependent cell
death'™ %' For instance, aged garlic extract was reported to reduce ROS-dependent cell death
in SH-SYSY cells—a model of human neuroblasts—by activating Nrf2'*, Similarly, reduced
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oxidative stress via Nrf2 activation has been observed in rats fed raw garlic homogenate'®?, It
1s well-documented that polyphenols such as chlorogenic acid, resveratrol, quercetin, ferulic
acid, and rosmarinic acid activate Nrf2'™. However, depending on their type and
concentration, some polyphenols may also inhibit Nrf2 activity’™. Nrf2 binds to the
antioxidant response element (ARE) and plays a key role in regulating the expression of
various detoxifving and antioxidant genes, including heme oxygenase-1 (HO-1), It also
controls enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx) . Increased expression of these enzymes protects normal cells from
oxidative stress and ROS-induced apoptosis. In contrast, in cancer cells, high levels of
polyphenols often increase toxicity'™, Plant-derived polyphenols have been reported to exert
pro-oxidant cffects through interactions with Nrf2, which may contribute to their anticancer
and apoptosis-inducing properties'®”. Many of the studies summarized in Table 3 describe the
anticancer activity of garlic-derived polyphenols by comparing their effects on cancerous and
normal cells. These studies generally show that cancer cells exhibit higher basal ROS levels.
An additional increase in ROS due to the oxidative action of polyphenols or their interaction
with Nrf2 may drive ROS-dependent cell death'™. This clevated ROS level in cancer eells
reflects an imbalance between oxidants and antioxidants. Treatment with polyphenols can
further modulate molecular pathways, amplifying their anticancer effects. In normal cells,
polyphenols usually cause only a modest increase in ROS production. However, this is
accompanied by upregulation or activation of antioxidant enzymes, ultimately providing long-

term protection {Figure 1).

ROS level L ROS level T
Apoptosis | Apoptosis T
Toxicity L Toxicity T

Normal cells Cancerous cells

Oxidative homeostasis
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Figure 1. Impact of garlic polyphenols on oxidative homeostasis.

Peroxisome proliferator-activated  receptors  (PPARs) are  ligand-activated
transcription factors belonging to the nuclear hormone receptor superfamily. They comprise
three subtypes: PPARa, PPARM/S, and PPARY'™, PPARs regulate energy metabolism in
various tissues, including the liver, adipose tissue, and muscle’®. All PPAR isoforms
modulate lipid accumulation, cell differentiation, and apoptosis in cancer cells''%,
Additionally, PPARs can act as receptors for environmental factors, including dietary
polyphenols™,. Several phenolic acids, such as gentisic, p-hydroxybenzoic, chlorogenic,
caffeic, p-anisic, ferulic, and gallic acid, as well as flavonoids like hespenidin, naringin, and
epicatechin, have been shown 1o increase PPARa mRNA expression'™. In contrast,
compounds such as epicatechin, epicatechin-3-gallate. epigallocatechin, epigallocatechin-3-
gallate, catechin, and gallocatechin increase PPARY mRNA expression, while exhibiting little
or no effect on PPAR«'™. Moreover, these flavonoids also function as partial PPARy
agonists'™, To date, several polyphenols listed in Table 2—including luteolin, quercetin, p-
coumaric acid, kaempferol, apigenin, ferulic acid, and ellagic acid—have been described to
directly interact with PPARy and influence the differentiation of mouse preadipocytes mn the
3T3-L1 cell line™. Interestingly, some flavonoids such as quercetin, kaempferol, and
resveratrol act as agonists of all PPAR subtypes and affect both their expression and
activity'"*"”, All PPARs influence ROS homeostasis and exert antioxidant effects by
regulating the transcription of endogenous antioxidant genes. Additionally, they coordinate
intracellular signaling pathways that reduce ROS production, either directly or indirectly™,
Numerous studies have shown that ligands of PPAR«e, PPARPB/S, and PPARy enhance the
expression and activity of catalase (CAT) *™. Furthermore, other enzymes involved in ROS
homeostasis—including SOD1, SOD2, GPx, and HO-l1—are also regulated by PPAR
ligands™*"". Garlic-derived polyphenols have been shown to increase the expression and/or
activity of antioxidant enzymes. In a previous study, our team demonstrated that the Spanish
garlic cultivars Morado and Castano exhibited the highest total polyphenol content among the
analyzed garlic varieties. This high polyphenol content was correlated with increased toxicity
in human skin fibroblast (BI) cells’’. Further research revealed that the Morado cultivar
induced ROS-dependent cell death in the human squamous carcinoma (SCC-13) cell line'®".
In our most recent study, we showed that Morado also activated both mRNA and protein

expression of PPARY, along with upregulation of SOD1 and CAT?2,
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A functional interaction between the Nrf2 and PPARy signaling pathways has also
been reported®™, An antioxidant response element (ARE) has been identified within the
PPARy promoter, while peroxisome proliferator response elements (PPREs) have been
detected in the Nrf2 promoter region”™, The presence of these response clements suggests a
positive feedback loop between the Nrf2 and PPARy pathways. This crosstalk may facilitate
mutual upregulation of both transcription factors and their downstream antioxidant
targets’™2%. Based on current evidence, we propose that the interplay between Nrf2 and
PPARy contributes to the anticancer activity of garlic-derived polyphenols (Figure 2). While
many of these compounds share common mechanisms of action, individual polyphenols may

also exert distinct, compound-specific effects, as described in the following chapter,

Garlic polyphenois

/\

-‘—_’

!
/

Figure 2, Proposed mechanism of action for garlic polyphenols,

Garlic polyphenols may interact with both Nrf2 and PPARy receptors, regulating detoxification, cell
apoptosis, differentiation, and oxidative stress homeostasis. Both Nrf2 and PPARy influence
antioxidant enzymes such as SOD, CAT, GPX, and HO-1. Furthermore, an ARE has been identified in
the PPARy promoter, and PPREs have been found in the Nrf2 promoter region, resulting in cross-talk
between these receptors. Abbreviations: CAT - catalase; GPx - glutathione peroxidase; HO-1 - heme
oxygenase-1; Nrf2 - nuclear factor erythroid 2-related factor 2; PPARY - peroxisome proliferator-
activated receptor gamma; SOD - superoxide dismutase,

5. Detailed mechanisms of action of selected garlic-derived polyphenols

Garlic-derived polyphenols exert common anticancer effects by engaging a network
of cellular pathways that regulate oxidative stress, inflammation, proliferation, and cell death.
However, each polyphenol also possesses distinet molecular targets and potencies. Below, we

discuss the key mechanisms and cancer-related pathways modulated by six prominent garlic
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polyphenols ~ quercetin, kaempferol, caffeic acid, ferulic acid, p-coumaric acid, and gallic
acid — highlighting both their shared pathways and unique features.

To highlight these differences and similarities, Table 4 summarises the major garlic-

derived polyphenols along with their proposed anticancer mechanisms. Importantly, the

overall anticancer activity of garlic is likely mediated by the synergistic interaction of its

multiple polyphenolic constituents. Therefore, the extent and nature of its biological effects

may vary depending on factors such as garlic cultivar, cultivation conditions, and post-harvest

processing methods. The main mechanisms of action of the following polyphenols have been

compiled and presented in Figure 3.
Key
Polyphe  Key Molecular Eviden
Anticancer Pathways Supporting
nol Targets/Pathways ce
Studies
' PI3K/Akt, NF-xB, apoptosis, autophagy, cell cycle In
Q'lem! - - + - - -
} Nrf2, arrest, anti-angiogenesis, anti- vitro, 135306
n
JAK2/STAT3 metastasis In vivo
In
Caffeic | Nrf/ARE, PKCS,  Nrf2-mediated antioxidation, 3
vitro, 07,208
Acid | MAPK apoptosis, angiogenesis inhibition )
In vivo
In
Ferulic | Cyclins/CDKs, cell cycle arrest, autophagy, )
vitro, a0
Acid | autophagy chemoresistance reversal ’
In vivo
P o 2 In
GRPT8/UPR, ER-stress apoptosis, mitochondnial .
Coumar vitro, 10am
Bax/Bel-2, NF-xB  apoptosis, inflammation inhibition
ic Acid In vivo
In
Kaempf ' PI3K/Akt, MMP-  Cell survival inhibition, apoptosis, ; :
vitro, 212213
erol | 2/9, p53 anti-metastasis, anti-angiogencsis ;
In vivo
Galii JAK2/STATS, Apoptosis, chemotherapy In
anic
'A . EGFR/MAPK, potentiation, ROS induction, anti-  vitro, b ool
cl
ROS metastasis In vivo

Table 4. Major Garlic-Derived Polyphenols and Anticancer Mechanisms
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All compounds are present in garlic (Aflium sativum) or its preparations (including aged/black garlic)
and have demonstrated anticancer bioactivity in preclinical studies, Molecular targets refer to the
primary proteins or pathways modulated. Anticancer pathways indicate the resultant cellular processes
(e.g., apoptosis, cell cycle arrest, anti-invasion) affected by the compound. Abbreviations: ARE ~
Antioxidant Response Element; Bax/Bel-2 — Bel-2-associated X protein / B-cell lymphoma 2; CDKs -
Cyclin-Dependemt Kinases; EGFR ~ Epidermal Growth Factor Receptor; GRP78/UPR ~ Glucose-
Regulated Protein 78/Unfolded Protein Response; JAK2/STAT3 — Janus kinase 2 / Signal transducer
und activator of transcription 3; MAPK — Mitogen-Activated Protein Kinase; MMP-2'9 — Matrix
Metalloproteinases 2 and 9; NF-xB — Nuclear Factor kappa-light-chain-enhancer of activated B cells;
Nrf2 ~ Nuclear factor erythroid 2-related factor 2; pS3 — Tumor Protein p33; PI3K/Akt -
Phosphoinositide 3-kinase / Protein kinase B; PKCS§ — Protein Kinase C delta isoform; ROS - Reactive

PI3K /Al
/ -
/// hmn-n\lum
NN
NF-x
kaemplerol
p-cumaric acld

Apaptosis
caffolc acld
s g
\ .‘..
&d Nr2/ARE
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MAPK/INK

Oxygen Species

ferulic acid
quercetin

MAPK/ERK |l

Figure 3. Mechanisms of action of the crucial polyphenols.
The dashed line indicates a potential effect, red lines indicate stimulation, and dark lines indicate
inhibition. Abbreviations: ARE — Antioxidant Response Element; Bax/Bcel-2 ~ Bel-2-associated X
protein / B-cell lymphoma 2; ERK — extracellular signal-regulated kinase; JNK - c-Jun N-terminal
kinase; MAPK — Mitogen-Activated Protein Kinase; NF-kB — Nuclear Factor kappa-light-chain-
enhancer of activated B cells; Nrf2 — Nuclear factor erythroid 2-related factor 2; PI3K/Akt —
Phosphoinositide 3-kinase / Protein kinase B; PPARy — peroxisome proliferator-activated receptor

gamma

5.1. Quercetin
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Quercetin is a flavonol that robustly modulates multiple signaling pathways to inhibit
umor growth. A wealth of studies indicates quercetin can suppress cancer cell proliferation
and induce apoptosis by interfering with the PI3K/Akt pathway and downstream transcription
factors like NF-kB and STAT3 ?'**'_ Through inhibition of NF-xB, quercetin downregulates
the expression of anti-apoptotic and pro-inflammatory genes, thereby sensitizing cells to cell
death signals *'*. Concurrently, quercetin activates the Nrf2/ARE pathway, leading to
increased expression of cytoprotective antioxidant enzymes such as HO-1 and SOD 'Y, This
dual action — dampening NF-xB while boosting Nrf2 — skews cells away from a pro-survival,
pro-oxidant state and towards an environment hostile to cancer growth . Mechanistic
studies in lung, colon, prostate, and other tumor models have confirmed guercetin's capacity
to induce cell cycle armrest (often at GO/Gl or G2/M) and trigger intrinsic apoptosis via
modulation of Bel-2 family proteins “'. For instance, treatment of colon carcinoma cells with
quercetin elevates the Bax/Bel-2 ratio, promoting mitochondrial cytochrome ¢ release and
caspase-3 activation **2. In prostate cancer and leukemia cells, quercetin was shown to reduce
cell viability and NF-xB activity, leading to increased apoptotic markers ', In vivo studies
further underscore quercetin’s anticancer efficacy, Rubio et al. (2018) demonstrated that
25 uM quercetin attenuated NF-kB signaling in leukemia cells, and in mice bearing Ehrlich
ascites carcinomas, quercetin (200 mg/kg) selectively induced tumor cell apoptosis via
caspase-3 while sparing normal tissues **. Taken together, quercetin's anticancer activity
stems from its multi-targeted modulation of survival pathways (PI3K/Akt, NF-kB), stress
responses (Nrf2/ARE), and apoptotic regulators (Bax/Bel-2, caspases), yielding a potent anti-

proliferative and pro-apoptotic effect across diverse cancer types.

5.2, Kaempferol

Kaempferol, another major flavonol i garlic, shares several anticancer mechanisms
with guercetin but also exhibits distinct effects on specific pathways. Like quercetin,
kaempferol inhibits the PI3K/Akt kinase cascade, leading to downstream suppression of NF-
kB and other pro-survival signals ***. Kacmpferol treatment consistently increases expression
of the tumor suppressor the tensin homolog deleted on the chromosome 10 (PTEN) in various
models, which further antagonizes PI3K/Akt signaling and facilitates apoptotic onset .
Through NF-xB inhibition, kaempferol attenuates the production of inflammatory mediators
(tumor necrosis factor alpha (TNF-u), interleukin-1 beta (IL-1p), cyclooxygenase-2 (COX-2))
that can fuel tumor progression ***. In parallel, kaempferol can activate Nrf2 and upregulate

ARE-driven genes, contributing to its antioxidant and cytoprotective profile >, A notable
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feature of kaempferol is its impact on the mitogen-activated protein kinase (MAPK)
pathways: it tends to mhibit mitogenic ERK signaling while it may activate stress-related
MAPKs (JNK/p38) in a context-dependent manner ***. In human gastric carcinoma cells, for
example, kaempferol inactivated ERK and upregulated a pro-apoptotic microRNA (miR-
181a), resulting in reduced proliferation **. In lung cancer models (A349 cells), kaempferol
was found to inhibit Akt phosphorylation and enhance MEK/ERK activity as a necessary step
for full caspase-7 activation — an intriguing crosstalk wherein a transient MAPK activation
contributed to apoptosis induction 2°, Kaempferol also exerts anti-metastatic cffects by
targeting  extracellular  proteases and motility pathways. It downregulates matrix
metalloproteinases 2 and 9 (MMP-2 and MMP-9) expression, enzymes critical for tumor
invasion, and can interfere with transforming growth factor beta (TGF-B)/Smad signaling to
prevent epithelial-mesenchymal transition (EMT) **', In vivo, kacmpferol has demonstrated
the ability to reduce metastasis and tumor growth. In 2 B16 melanoma mouse model,
kaempferol significantly decreased pulmonary metastatic nodules, correlating with reduced
MAPK/PKC signaling and MMP-9 activity in the tumors **. Moreover, kaempferol can
synergize with chemotherapeutics; co-treatment of colon cancer xenografls with kacmpferol
and fluorouracil (5-FU) enhanced tumor regression via augmented Akt inhibition and
apoptosis 7. In summary, kaempferol broadly converges on the same anti-inflammatory and
pro-apoptotic pathways as quercetin (notably NF-kB and Akt suppression), but also distinctly
impacts cell migration and cell cycle regulators (e.g. CDKs and p53-dependent pathways),
underscoring its multi-faceted anticancer profile,

5.3. Caffeic Acid

Caffeic acid is a hydroxycinnamic acid that contributes to garlic's antioxidant and
anticancer propertics. A primary mode of action of caffeic acid is the mitigation of oxidative
stress: it is @ well-known ROS scavenger and also an inducer of the Nrf2/ARE pathway *3.
By stabilizing Nrf2, caffeic acid increases cellular glutathione and detoxifying enzymes,
which protect normal cells from carcinogenic insults and oxidative DNA damage. In parallel,
caffeic acid inhibits major pro-tumorigenic signaling pathways. It has been shown to block
the activation of NF-xB, resulting in lowered expression of NF-xB target genes such as
vascular endothelial growth factor (VEGF) (a key angiogenic factor) and MMP-9 (a
metastasis-promoting protease) in hepatocellular carcinoma models >, This corresponds with
a reduction in tumor angiogenesis and invasiveness. Additionally, caffeic acid can interfere

with the MAPK cascade; for example, in skin cancer cells, it significantly reduced
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phosphorylation of ERK1/2, INK, and p38 MAPK, thereby disrupting mitogenic and stress
signaling needed for tumor growth *° Through inhibition of both NF-kB and MAPKs,
caffeic acid exerts an anti-inflammatory effect that is linked to decreased production of 1L-6,
IL-1f, and COX-2 in the tumor microenvironment 7. On the PI3K/Akt axis, caffeic acid was
found to decrease phosphorylation of Akt and its downstream effector mTOR, contributing to
growth arrest and autophagic cell death in certain cancer cell lines **. At higher
concentrations, caffeic acid directly induces mitochondrial dysfunction — it can depolarize the
mitochondrial membrane (loss of A'¥m) and clevate intracellular ROS within cancer cells,
leading to apoptosis via the intrinsic pathway **, Indeed, treatment of hepatoma cells with
caffeic acid triggered cytochrome ¢ release and caspase-9/-3 activation, consistent with
mitochondrial apoptotic induction **'. Caffeic acid has shown chemopreventive efficacy in
vivo as well. Low-dose caffeic acid (and its derivative caffeic acid phenethyl ester) caused
complete regression of implanted hepatomas in mice, an effect attributed to a “dual
mechanism™ of NF-kB inhibition and pro-oxidant DNA damage in tumor cells **'. Animal
models of skin cancer and colon cancer have similarly noted that dictary caffeic acid can
reduce tumor incidence and multiplicity, accompanied by lower inflammatory markers and
increased antioxidant enzyme levels in tissues **, Collectively, caffeic acid’s anticancer
mechanisms center on reducing oxidative and inflammatory stimuli (via Nrf2 activation and
NF-xB inhibition) and directly promoting apoptotic pathways, making it an effective agent in

both cancer prevention and therapy.

5.4. Ferulic Acid

Ferulic acid, another abundant hydroxycinnamic acid in garlic, is distinguished by its potent
antioxidant action and ability to modulate cell cycle regulators. Ferulic acid strongly activates
the Nrf2/ARE pathway; in fact, it can upregulate Nri2 and its target genes to a degree
comparable to classic chemopreventive agents, thereby fortifying cells” antioxidant defenses
It also engages PPARy, a nuclear receptor involved in cellular metabolism and
differentiation; ferulic acid treatment has been shown to increase PPARy expression and
activity in certain models, an effect linked to anti-inflammatory outcomes via repression of
NF-xB 2", Through PPARy activation, ferulic acid may promote a more differentiated, less
proliferative state in tumor cells and enhance lipid metabolic reprogramming unfavorable to
rapid growth . Like other polyphenals, ferulic acid inhibits the NF-xB pathway; for
instance, in LPS-stimulated macrophages, ferulic acid prevented IxBa degradation and

nuclear pd35 translocation, thereby blocking NF-xB-mediated transcription of IL-6 and TNF-a
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M6 In cancer cells, this NF-xB inhibition translates to lower expression of survival proteins
(e.g., Bel-xL, survivin) and reduced chronic inflammation that can drive tumor progression,
Ferulic acid also targets the PI3K/Akt pathway. In cervical carcinoma cells, ferulic acid was
observed to markedly reduce phosphorylated Akt levels and downstream kinase signals,
coinciding with GO/G1 cell eyele arrest 2. The cell cyele blockade by ferulic acid is
attributed to downregulation of cyclins (Cyclin D1, E) and CDKs alongside upregulation of
CDK inhibitors like p2157'#"#_Such changes halt the transition from G1 to S phase, giving
ferulic acid a strong antiproliferative effect, On triggering apoptosis, ferulic acid utilizes both
intrinsic and extrinsic pathways. It can increase pro-apoptotic Bax and decrease anti-apoptotic
Bel-2, tilting the balance toward mitochondrial apoptosis **’. In HeLa and CaSki cervical
cancer cells, ferulic acid induced DNA fragmentation and PARP-1 cleavage, hallmarks of
apoptosis, and these effects were accompanied by activation of caspase-3*2%Y, Interestingly,
ferulic acid may also interfere with growth factor signaling; a study by Yang et al. (2015)
reported that ferulic acid suppressed fibroblast growth factor-1 (FGF1) and its receptor
FGFR1 in melanoma cells, leading to downstream inhibition of the PISK/Akt pathway and
inhibited tumor cell migration *”, In vivo, ferulic acid displays chemopreventive and
therapeutic properties. Dietary ferulic acid supplementation in a rat hepatocarcinogenesis
model significantly upregulated hepatic Nrf2 and p53 levels while downregulating
phosphorylated Akt and NF-xB, correlating with reduced tumor burden **' Ferulic acid has
also been shown to protect normal tissues from chemotherapy-induced damage (e.g.,
nephrotoxicity) by activating Nri2/HO-1 and PPARYy in vivo, all the while sensitizing tumor
cells to the chemotherapy via NF-xB suppression ™, In summary, ferulic acid’s anticancer
mechanism is multi-pronged: it restrains cell proliferation through cell cycle arrest, promotes
apoptosis by modulating Bel-2 family proteins and caspases, and attenvates inflammation and
oxidative stress vie NF-xB inhibition and Nrf2/PPARy activation, These properties make it a
compelling adjunct in cancer prevention and in enhancing the cfficacy of conventional

therapies.

5.5. p-Coumaric Acid

p-Coumaric acid is a phenolic acid that, although less studied than ferulic or caffeic
acid, has shown notable anti-cancer effects; particularly in colorectal cancer models.
Mechanistically, p-coumaric acid powerfully activates the Nrf2 pathway, which is thought 1o
underlic its chemopreventive activity in the colon ***. In a short-term carcinogen model,

Sharma et al. (2019) found that p-coumaric acid supplementation induced nuclear
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translocation of Nrf2 in colon mucosal cells. elevating phase Il enzyme expression and
significantly reducing early precancerous lesions **. This Nrf2-driven antioxidant response
protects cells from DNA damage and also indirectly reduces NF-xB activity (as Nrf2 and NF-
xB can negatively regulate each other). Indeed, an anti-inflammatory role of p-coumaric acid
is well documented: it inhibits NF-kB activation, resulting in decreased levels of pro-
inflammatory cytokines and mediators (IL-6, IL-1B, COX-2) in vitro **, By impairing NF-
kB, p-coumaric acid also diminishes expression of cyelin D1 and other proliferation drivers,
contributing to cell cycle arrest in cancer cells ***. A distinct feature of p-coumaric acid is its
ability to induce endoplasmic reticulum (ER) stress and the unfolded protein response (UPR)
in tumor cells. Treatment of colon cancer cells with p-coumaric acid was shown to
downregulate the chaperone GRP78 and activate PERK-elF2a signaling, leading 10 C/EBP
homologous protein (CHOP)-mediated apoptosis 2. This links p-coumaric acid to the
disruption of proteostasis in cancer cells, a stress that can selectively kill malignant cells laden
with misfolded proteins, On the mitochondnal apoptosis front, p-coumaric acid increases the
Bax/Bel-2 ratio and elevates Cyt-c release, effectively engaging the intrinsic apoptotic
pathway *'". Caspase-9 and -3 activation has been obscrved following p-coumaric acid
treatment in breast and colon cancer cell lines, confirming execution of apoptosis *'',
Additionally, p-coumaric acid can inhibit growth factor signaling such as IGF-1R/Akt, and it
modestly suppresses MAPK/ERK activity, thereby blocking proliferative and survival cues
%257 In vivo studies reinforce these findings: p-coumaric acid administration in rats
attenuated dimethylhydrazine-induced colon carcinogenesis, with treated animals showing
lower NF-kB and higher Nrf2 activity in colonic tissues compared to controls **. The treated
rats also exhibited reduced inflammatory cell infiltration and a decline in dysplastic aberrant
crypt foci, indicating a chemo-preventive effect via modulation of the Nrf2-NF-xB axis.
Beyond the colon, p-coumaric acid has demonstrated anti-neoplastic effects in models of skin
and liver cancer, again correlating with enhanced antioxidant enzyme levels and reduced
oxidative damage %, In summary, p-coumaric acid combats cancer through antioxidant
activation {Nrf2), inflammation inhibition (NF-xB), and pro-apoptotic stress induction (ER
stress and mitochondrial pathways). Its capacity to simultancously trigger protective
responses in normal cells and lethal stress in cancer cells exemplifies the nuanced

chemopreventive potential of dietary phenolics.

5.6. Gallic Acid
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Gallic acid is a benzoic acid-type polyphenol with a well-established reputation for
antioxidant activity; paradoxically, in cancer cells gallic acid often acts as a pro-oxidant and
potent inducer of apoptosis. This dual nature is key to gallic acid’s mechanism. In normal
physiological settings, gallic acid can chelate metal ions and scavenge radicals >, However,
within the high-ROS environment of tumor cells, gallic acid undergoes oxidative conversion
to generate semiquinone radicals and hydrogen peroxide, effectively raising intracellular ROS
to cytotoxic levels **, This surge in ROS causes oxidative DNA damage and dysfunction of
mitochondria in cancer cells, overwhelming their redox defenses. Consistently, gallic acid has
been shown to collapse the mitochondrial membrane potential in a dose-dependent manner
and increase lipid peroxidation in cancer cell membranes . The result is activation of the
intrinsic apoptotic pathway: gallic acid-treated cancer cells exhibit Bax upregulation, Bel-2
downregulation, cytochrome ¢ release, and activation of caspase-9 and -3 2, In bladder
carcinoma T24 cells, for example, gallic acid caused a significant drop in phosphorylated Akt
and IxBa, accompanied by increased Bax/Bel-2 expression, leading to apoptotic cell death .
That study linked gallic acid’s effects to simultaneous suppression of the PI3K/Akt/NF-xB
pathway, suggesting that gallic acid not only induces direct oxidative injury but also blocks
key survival signals. Indeed, gallic acid interferes with multiple cell signaling pathways
relevant to cancer progression. It can inhibit constitutive STAT3 and NF-xB activity, reducing
transcription of genes involved in proliferation (cyclins, c-Mye), inflammation (COX-2, IL-
6), and angiogenesis (VEGF) ™, Additionally, gallic acid targets receptor tyrosine kinase
pathways: in triple-negative breast cancer cells, gallic acid downregulated EGFR expression
and attenuated downstream MAPK/ERK signaling, contributing to growth arrest and
apoplosis %% Another facet of gallic acid’s action is the induction of autophagy — some
studies report that gallic acid triggers a cytotoxic form of autophagy in cancer cells through
AMPK activation and mTOR inhibition, which can synergistically enhance apoptosis 2%
Gallic acid also exhibits anti-metastatic properties. It has been noted to inhibit migration and
invasion in melanoma and breast cancer cells by suppressing focal adhesion kinase (FAK)
signaling and matrix metalloproteinase expression *". In vivo, gallic acid is effective at both
reducing tumor growth and potentiating the effects of chemotherapy. For instance, in an A549
lung cancer xenograft model, intraperitoneal gallic acid over 4 wecks significantly reduced
tumor volume and when combined with cisplatin led to greater tumor regression than
chemotherapy alone 2%, Treated tumor tissues showed increased cleaved caspase-3 and
decreased Ki-67 proliferation indices, in line with enhanced apoptosis and cell-oycle arrest,
Importantly, gallic acid's pro-oxidant killing of tumor cells does not translate into systemic
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toxicity when used at moderate doses, owing to normal cells” higher reserve of antioxidants
and lower baseline ROS ~ a selectivity that is highly advantageous in cancer therapy *®. In
summary, gallic acid combats cancer through a combination of ROS-mediated cytotoxicity
and inhibition of survival pathways like Akt, NF-xB, and EGFR/MAPK. This leads to robust
apoptosis and can also curb invasion and sensitize tumors to other treatments, marking gallic

acid as a uniquely potent polyphenol in the context of cancer.

6. Conclusions and perspectives

Garlic is rich in anticancer polyphenols, as demonstrated in in vitro studies. The anticancer
mechanism of action varies depending on the type of polyphenol. Several polyphenols found
in garlic activate PPARs, which appear to be responsible for at least part of garlic’s anticancer
activity. A major mechanism underlying garlic's anticancer properties is ROS-dependent
toxicity and/or apoptosis. Additionally, Nrf2 is also involved in the mechanism of action of
garfic polyphenols. Our review highlights that garlic polyphenols may play a role in cancer
prevention and support conventional cancer treatments. Unfortunately, for many polyphenols,
the precise mechanisms of action remain unknown. According to the current state of
knowledge, the available studies have been conducted primarily on cell lines, In our opinion,
more research on animal models, followed by clinical trials, is essential, The anticancer
effects of garlic polyphenols arise from their broad impact on molecular processes refated to
cancer formation and progression. Regular consumption of garlic as part of a healthy diet may
enhance the body’s protection against cancer, particularly due to its antioxidant, anti-
inflammatory, and cancer cell-signalling properties. However, for comprehensive protection,
garlic should be included as part of a balanced lifestyle that incorporates other healthy habits.
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4. Podsumowanie i wnioski

4.1. Wprowadzenie i uzasadnienie wyboru tematu

Produkty naturalne oraz medycyna tradycyjna odgrywaja istotng rolg we
wspotczesnym podejsciu do zdrowia. Wiele oséb dostrzega, ze nowoczesna medycyna nie
zawsze stanowi jedyne skuteczne rozwigzanie dla obecnych dolegliwosci. W zwiagzku z tym
coraz wigkszg popularno$cig cieszg si¢ naturalne metody leczenia, takie jak fitoterapia,
poniewaz rosliny lecznicze sg bogatym zrodtem substancji farmakologicznie czynnych
(Kumar i in., 2021; Prakash i in., 2021a, 2021b).

Czosnek zwyczajny (Allium sativum L.) nalezy do rodziny ro$lin amarylkowatych
(Amaryllidaceae) i jest jedng z najstarszych roslin uzytkowych znanych cztowiekowi od
tysiecy lat (Rivlin, 2001). Ro$lina ta pochodzi z Azji Srodkowej i od dawna stanowi wazna
uprawe w regionie Morza Srodziemnego, a takze popularng przyprawe w takich czgéciach
swiata jak Afryka i Europa (Damién 1 in., 2022). Obecnie uprawia si¢ go w wigkszos$ci
krajow strefy umiarkowanej, a jego znaczenie wykracza daleko poza zastosowanie kulinarne
— czosnek zaliczany jest do tzw. zywnosci funkcjonalnej ze wzgledu na szerokie spektrum
wlasciwosci prozdrowotnych (Verma i in., 2023). Wedtug danych Organizacji Narodow
Zjednoczonych do spraw Wyzywienia i Rolnictwa (FAO, ang. Food and Agriculture
Organization of the United Nations), w 2022 roku §wiatowa produkcja czosnku wyniosta
okoto 29,15 miliona ton. Najwigkszym producentem byly Chiny, ktore odpowiadaly za
okoto 73% globalnej produkcji, co przektada si¢ na 21,34 miliona ton. Pozostalymi
znaczgcymi producentami czosnku w 2022 roku byty: Indie — 3,21 miliona ton, Bangladesz
—526,8 tysigca ton, Egipt — 396,5 tysigca ton, Hiszpania — 281,9 tysigca ton. Te pi¢¢ krajow
tacznie odpowiadato za ponad 92% s$wiatowej produkcji czosnku. Natomiast Polska,
z 25 200 ton produkcji rocznie jest oceniana na 34 miejscu wsrod producentdow tej rosliny
(Food, 2022).

Od czasow starozytnych czosnek ceniony jest ze wzgledu na swoj aromat i Smak.
Pierwsze wzmianki o czosnku mozna znalez¢é w egipskim papirusie, Codex Ebers,
pochodzacym z 1550 r. p.n.e., zawierajagcym setki przepisOw wskazujacych tg rosling na
przyktad jako lek na na bole gtowy i ukaszenia owadoéw oraz jako $rodek przeciwbolowy
(Sarpaki, 2021). Dowodzi to stosowania czosnku nie tylko jako produktu spozywczego, ale
w duzej mierze jako rosliny leczniczej. W starozytnej Grecji byt on tradycyjnie stosowany
do leczenia wielu réznych zaburzen, w tym trgdu, biegunki, zapar¢, astmy, gorgczki

i infekcji (Petrovska i Cekovska, 2010). Obecnie wiadomo, ze $wieze zgbki czosnku
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zawieraja okoto 60% wody, 32% weglowodanow i 6,45% biatka (Moreno-Ortega i in.,
2020). Zawarto$¢ kalorii w czosnku jest wysoka i wynosi 146 kcal/100 g $wiezej masy
produktu. W gtéwkach mozna zidentyfikowa¢ takie pierwiastki jak potas (400 mg), fosfor
(153 mg), magnez (25 mg), sod (17 mg) czy wapn (41 mg/100 g $wiezej masy). W czosnku
wystepuja rowniez selen 1 german, a ich ilo$¢ zalezy od zawarto$ci mineratow obecnych w
glebie (Oosthuizen i in., 2018; Tavares i in., 2021). Ponadto, zabki czosnku sg bogatym
zrodtem witaminy C (ok. 31 mg/100 g $wiezej masy) 1 dostarczajg niewielkich ilosci
witamin z grupy B, szczegdlnie witaminy B1 (Ciuba i in., 2016). Powszechnie uznaje sig,
ze czosnek jest rowniez bogaty w zlozone substancje biologicznie czynne.
W dotychczasowych badaniach zidentyfikowano ponad 200 substancji chemicznych
0 réznorodnych wilasciwosciach (Fallah-Rostami i in., 2013). Jego zroéznicowany sktad
chemiczny zapewnia szeroki zakres efektow biologicznych. Wspolczesne badania naukowe
wykazaty, ze ekstrakty z czosnku lub spozycie surowych zabkéw wykazujg dziatanie
przeciwhiperlipidemiczne (Nickavar, 2022), przeciwutleniajace (Recinella i in., 2022),
przeciwzapalne (Shao i in., 2022), wspomagajace uktad sercowo-naczyniowy (Imaizumi
I in., 2023), obnizajace cisnienie krwi (Xiang i in., 2024), przeciwbakteryjne (B. Adjei-
Mensah 1 in., 2023), przeciwwirusowe (Benjamin Adjei-Mensah i in., 2023),
przeciwgrzybicze (Agustantina i Soekartono, 2021), przeciwpasozytnicze (Qaemifar i in.,
2023), przeciwdziatajace cukrzycy (Gil i Rabiej, 2024), przeciwnowotworowe (Stepien i in.,
2024), ochronne dla watroby(Almatroodi i in., 2020), immunomodulujace (Song 1 in., 2023)
oraz obnizajace poziom glukozy we krwi (Song i in., 2023). Co pokazuje znaczacy potencjat
tej rosliny.

Biologicznie aktywne zwigzki czosnku mozna podzieli¢ na dwie gtowne grupy:
substancje zawierajace siarke i substancje nie zawierajcie siarki (El-Saadony i in., 2024).
Pierwsza grupa obejmuje aliin, y-glutamylocysteing oraz ich pochodne, takie jak allicyna,
disulfid diallilowy, trisulfid diallilowy, ajoen, S-allylcystein oraz S-allylmerkaptocystein
(El-Saadony i in., 2024). Nalezy jednak zaznaczy¢, ze np. allicyna nie wystepuje w czosnku,
dopoki nie zostanie on uszkodzony (zmiazdzony, pocigty, pogryziony, odwodniony,
sproszkowany lub wystawiony na dziatanie wody) co aktywuje enzym alliinaze, ktory
metabolizuje alliing do allicyny (EI-Saadony i in., 2024). Allicyna natychmiast rozktada si¢
na pozostale w/w pochodne. Poniewaz czosnek zawiera najwyzsze stezenie zwigzkoéw
siarkowych sposrod wszystkich gatunkéw z rodzaju Allium sp., ta grupa zwigzkow jest
najczesdciej badana i uznawana za odpowiedzialng za jego wlasciwosci prozdrowotne

(Aviello i in., 2009; El-Saadony i in., 2024). Druga grupa substancji obecnych w czosnku to
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substancje wolne od siarki z posrod ktorych najwazniejsze to polifenole (Kim i in., 2013).
Zwiazki polifenolowe s3a czesto niedoceniang grupg ktorg roéwniez charakteryzuja
wlasciwosci prozdrowotne porownywalne a czesto nawet silniejsze niz te przypisywane
zwigzkom siarkowym (Lanzotti, 2006). Ponadto nalezy zaznaczy¢, ze zwigzki polifenolowe
w czosnku sg generalnie stabilniejsze niz zwigzki siarkowe, szczegodlnie pod wzgledem
reaktywno$ci chemicznej 1 odpornosci na czynniki $rodowiskowe (np. temperatura,
tlen)(Fujisawa i in., 2008; Pedisi¢ i in., 2018). Co ciekawe, odpowiednia obrobka tej ro§liny
(np. fermentacja w czosnku czarnym) moze przyczynia¢ si¢ nawet do wzrostu zawartos$ci
tak niedocenianych polifenoli (Ma i in., 2021). Dzi¢ki wysokiej zawartosci polifenoli
I naturalnych przeciwutleniaczy (np. wspomniana wczes$niej witamina C), czosnek moze
bezposrednio 1 posrednio zwigksza¢ ekspresje enzymoéw antyoksydacyjnych, chronigc
prawidtowe komorki przed stresem oksydacyjnym (Askari i in., 2021).

Reaktywne formy tlenu (ROS, ang. reactive oxygen species) to zazwyczaj naturalne
produkty uboczne metabolizmu komorkowego (Apel i Hirt, 2004). Moga rowniez
powstawa¢ w wyniku proceséw patologicznych czy dziatania substancji chemicznych oraz
czynnikow fizycznych. Mimo niezbg¢dnej roli ROS w fizjologii komorki, ich nadmiar —
szczegolnie ze zrodet zewngtrznych, prowadzi do zaburzen homeostazy, uszkodzen DNA,
biatek i lipidow, a w konsekwencji do apoptozy (Wang i in., 2023). Wykazano, ze ekstrakty
z czosnku oraz jego sktadniki aktywne wykazuja zdolnos¢ do neutralizacji ROS,
zwigkszania poziomu glutationu 1 stymulowania ekspresji enzymow antyoksydacyjnych
w zdrowych komorkach (Kohda i in., 2013). Co ciekawe, podczas gdy niewielka stymulacja
ROS jest korzystna dla komorek prawidtowych, komorki nowotworowe, ze wzgledu na ich
wysoki metabolizm i zaburzenia mitochondrialne, sg szczegdlnie wrazliwe na dodatkowy
stres oksydacyjny (Aboelella i in., 2021). Udokumentowano, ze ekstrakty z czosnku moga
wywolywac apoptoz¢ w liniach komoérkowych raka watroby (HepG2), jelita grubego
(CACO-2), prostaty (PC-3) i piersi (MCF-7), poprzez aktywacje kaspazy-3 — enzymu
kluczowego dla szlaku apoptozy (Bagul i in., 2015). Réwnoczesnie, czosnek moze
indukowa¢ $§mier¢ komorek niezaleznie od kaspazy, np. za posrednictwem allicyny czy
kwasu galusowego (De Martino i in., 2016). Jednym z interesujgcych kierunkéw badan jest
rola receptora aktywowanego przez proliferatory peroksysoméw gamma (PPARy, ang.
peroxisome proliferator-activated receptor gamma), ktory reguluje roznicowanie komorek,
metabolizm, autofagi¢ oraz produkcj¢ enzymow antyoksydacyjnych (Elrod i Sun, 2008;
Rupérez i Anguita-Ruiz, 2018). Badania wykazaly, ze polifenole obecne w czosnku

zwyczajnym, takie jak kwercetyna, kwas kawowy i kwas ferulowy, mogg aktywowaé
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receptor PPARY, modulujac jego aktywno$¢ transkrypcyjng (Shin i in., 2009). Na przyktad,
kwercetyna wigze si¢ z domeng wigzaca ligand PPARy, indukujac ekspresje gendw
zwigzanych z réznicowaniem komoérkowym i metabolizmem lipidow (Sun i in., 2015).
Dzigki temu czosnek moze wywiera¢ dziatanie przeciwzapalne i metaboliczne poprzez
mechanizmy zalezne od PPARY.

Badania dotyczace czosnku prowadzone przez zespot badawczy w ktorym
uczestniczytam od 2016 roku wykazaly, ze r6zne odmiany czosnku charakteryzuja si¢
znaczacymi réznicami w zawartosci zwigzkow polifenolowych, co odpowiadato
toksycznosci ekstraktow (Szychowski i in., 2018). Zainspirowato to mnie do sformutowania
pierwszych hipotez rozprawy doktorskiej (publikacja nr 1). Co wigcej, szczegdlowy
przeglad literatury, w ktérym bratam udzial, wykazal, ze mechanizm dziatania czosnku
moze znaczaco zaleze¢ od formy jego przetworzenia, a takze wplywa¢ na zawartos$¢
polifenoli. Temat ten stat si¢ przedmiotem moich zainteresowan naukowych. (Bar i in.,
2022). Bylo to inspiracjg do sformutowania koncepcji publikacji 2 i 3.

Do badan wybratam trzy linie komodrkowe, z czego dwie stanowity linie
nowotworowe: gruczolakorak okr¢znicy (CACO-2), oraz ptaskonabtonkowy rak jezyka
(SCC-15). Nowotwory jezyka i jelita grubego naleza do czgsto diagnozowanych i trudnych
w leczeniu typow raka (Marcellinaro i in., 2023). Nowe metody profilaktyki i leczenia sg
wiec pilnie poszukiwane, a poniewaz s3 to nowotwory wystepujace w tkankach majacych
kontakt z pokarmem, czosnek moglby stanowi¢ warto$ciowa substancje zywieniowa
wspomagajacg terapie. Co wigcej, zwiazki roslinne s3 zazwyczaj mniej toksyczne niz
tradycyjne leki przeciwnowotworowe (Reuter, 1995) i mogg by¢ stosowane jako
uzupehnienie terapii lub w profilaktyce. W celu oceny toksycznosci zwigzkéw aktywnych
zawartych w czosnku na komorki prawidtowe, do badan wiaczono lini¢ fibroblastow (BJ).
Dlatego, gtéwnymi celami rozprawy doktorskiej byto:

- Okreslenie potencjatu antynowotworowego surowych ekstraktow czosnkowych
w warunkach in vitro — publikacja 1
- Okres$lenie potencjalu antynowotworowego liofilizowanych ekstraktoéw czosnkowych
w warunkach in vitro — publikacja 2
- Proba powigzania zawarto$ci flawonoidow z prozdrowotnymi wtasciwosciami ekstraktow

— publikacja 3
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4.2. Oméwienie publikacji stanowigcych cykl

Publikacja 1: K. A. Szychowski, U. E. Binduga, K. Rybczynska-Tkaczyk, M. L. Leja, J.
Gminski. Cytotoxic effects of two extracts from garlic (Allium sativum L.) cultivars on the
human squamous carcinoma cell line SCC-15. Saudi Journal of Biological Sciences 2018,
25 (8): 1703-1712

Celami pierwszej publikacji byto:
1) Okreslenie, czy ROS jest zaangazowany w mechanizm antynowotworowego
dziatania surowych ekstraktow z odmian uprawnych czosnku Harna$ i Morado.

2) Okreslenie toksyczno$ci oraz dziatania proapoptotycznego badanych ekstraktow.

W przedstawionej pracy badawczej oceniono cytotoksyczno$¢ wodnych
ekstraktow dwoch odmian czosnku zwyczajnego — polskiej odmiany Harna$ oraz
hiszpanskiej odmiany Morado w komdrkach ludzkiej linii raka ptaskonabtonkowego jezyka
SCC-15. Glownym celem badania byto okreslenie udzialu ROS oraz procesu apoptozy w
mechanizmie dziatania cytotoksycznego wspomnianych ekstraktow czosnkowych. Badania
przeprowadzono z wykorzystaniem testow biochemicznych, takich jak: oznaczenie
uwolnienia dehydrogenazy mleczanowej (LDH, ang. lactate dehydrogenase) do pozyweki
hodowlanej, test wychwytu czerwieni obojetnej (ang. Neutral Red Uptake Assay),
oznaczenie aktywnosci kaspazy-3, testy z wykorzystaniem wskaznikéw fluorescencyjnych
zywotno$ci komorek (kalceina-AM), detekcja ROS przy uzyciu sondy H.DCFDA (ang.
2', 7'-dichlorodihydrofluorescein diacetate) oraz barwienie jader komoérkowych i ciatek
apoptotycznych barwnikiem Hoechst 33342. Procedura ekstrakcji wodnej byta prowadzona
wedlug wczesniej opisanej metodyki (Lemar i in., 2002), ktora zostata skrotowo
przedstawiona w zatgczonej publikacji (publikacja 1).

Przeprowadzone badania wykazaty, ze oba ekstrakty czosnkowe indukujg znaczacy
wzrost poziomu ROS w komoérkach SCC-15 juz po 6 godzinach inkubacji, przy czym efekt
ten byl bardziej intensywny i dlugotrwaly w przypadku odmiany Harnas. Po 24 i 48
godzinach aktywnos$¢ prooksydacyjna odmiany Morado ulegata ostabieniu, natomiast
Harna$§ nadal indukowat silng produkcje ROS. Jest to zgodne z wcze$niejszymi
doniesieniami wskazujacymi, ze komodrki nowotworowe charakteryzuja si¢ wyzSzym
poziomem endogennego stresu oksydacyjnego, co czyni je szczegolnie podatnymi na dalszy

wzrost ROS wywotany przez czynniki egzogenne (Liou i in., 2010; Pelicano i in., 2004).
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Cytotoksyczno$¢ ekstraktow potwierdzono za pomocag dwoch wspomnianych
testow: LDH oraz Neutral Red. Zarowno odmiana Harna$, jak i Morado wywotywaty
zalezne od dawki i czasu uszkodzenie bton komoérkowych oraz spadek zywotnosci komorek.
Co ciekawe, po 48 godzinach, nawet nizsze stezenia ekstraktoéw wykazywaty wyrazne
dziatanie cytotoksyczne, co moze wskazywac na narastajace dziatanie stresu oksydacyjnego
1 akumulacje uszkodzen komorkowych. Obserwowane réznice pomi¢dzy wynikami LDH
i Neutral Red potwierdzajg wczesniejsze sugestie, ze rozne testy cytotoksycznosci moga
r6zni¢ si¢ czutoscig i czasem odpowiedzi na bodzce toksyczne (Riss i Moravec, 2004).

Whbrew przewidywaniom, ekstrakty czosnkowe nie aktywowaly znaczaco kaspazy-
3 — gldbwnego efektora szlaku apoptozy — nawet po 48 godzinach hodowli. Wyjatkiem byt
nieznaczny wzrost aktywnos$ci kaspazy-3 po zastosowaniu niskiego stezenia ekstraktu
Morado. Co wigcej, najwyzsze stezenia obu ekstraktow obnizaly aktywnos¢ tego enzymu.
Sugeruje to, ze dominujacym mechanizmem $mierci komérkowej moze by¢ nekroza lub
mniej prawdopodobnie alternatywne formy $mierci komorek, takie jak ferroptoza czy
kaspazo-niczalezna apoptoza. Podobne obserwacje poczynili Park i in. (2005) oraz De
Martino i in. (2016), ktorzy opisali indukcj¢ $mierci komérkowej przez czosnek i jego
sktadniki (np. allicyng) w sposob niezalezny od kaspaz (De Martino i in., 2016; Park i in.,
2005).

Kluczowym aspektem opisywanej publikacji byta rola ROS w cytotoksyczno$ci.
Uzycie zwiagzku narzedziowego W postaci N-acetylo-L-cysteiny (NAC), bedacej
skutecznym zmiataczem wolnych rodnikow, prowadzit do wyraznego zahamowania
produkcji ROS oraz ochrony komorek przed dzialaniem ekstraktow czosnkowych
potwierdzone testami LDH i Neutral Red. Wyniki te jednoznacznie potwierdzaja, ze
cytotoksyczno$¢ byla zalezna od stresu oksydacyjnego. Podobny mechanizm dziatania
opisano w pracy Yang i in. (2009), gdzie diallilodisiarczek (sktadnik czosnku) indukowat
$mier¢ komoérek nowotworowych poprzez ROS i aktywacje szlaku stresu retikulum
endoplazmatycznego (Yang i in., 2009).

Uzyskane w opisywanej publikacji wyniki wpisuja si¢ w szerszy kontekst danych
literaturowych, wedlug ktorych czosnek 1 jego skladniki wywieraja efekt
przeciwnowotworowy poprzez indukcje stresu oksydacyjnego, uszkodzen DNA oraz
zaktocenia w integralnosci bton komorkowych (Amagase, 2006; Bagul i in., 2015).
Obserwowane roznice pomiedzy odmianami czosnku — silniejszy, dlugotrwaly efekt
odmiany Harna§ w poréwnaniu do Morado — moga wynika¢ z odmiennych profili

fitochemicznych, w tym zawartosci zwigzkow siarkowych oraz polifenoli, co wczesniej

113



wykazano w badaniach poréwnujacych odmiany czosnku z rdéznych regionow
geograficznych (Beato i in., 2011; Matysiak i in., 2015; Szychowski i in., 2018). Wykonane
w niniejszej pracy proby wizualizacji cialek apoptotycznych (Hoechst 33342) oraz
metabolizmu komorek (Kalceina AM) wykazaty spadek liczby komoérek w grupach
poddanych dziataniu ekstraktow czosnku, bez istotnego wplywu na spadek metabolizmu
oraz formowanie ciatek apoptotycznych. Dodatek NAC odwracat efekt co powiedziato
zaangazowanie ROS w antyproliferacyjne dziatanie badanych ekstraktow.

Podsumowujac, wyniki potwierdzaja istotng rolg¢ stresu oksydacyjnego
w mechanizmach dziatania czosnku na komorki nowotworowe SCC-15. Brak aktywacji
kaspazy-3 sugeruje, ze indukowana $mieré komorkowa nie jest klasyczng apoptoza, lecz
raczej formg ROS-zaleznej $mierci alternatywnej np. nekroza w skutek silnego odziatywania
ROS. Nie mozna rowniez wykluczy¢ dziatania antyproliferacyjnego. Obie odmiany czosnku
— Harna$ i Morado — wykazuja istotny potencjat przeciwnowotworowy w warunkach in
vitro, przy czym odmiana polska Harnas moze mie¢ silniejsze i bardziej dtugofalowe
dziatanie. Poniewaz badania wykonywane byly na $wiezo pozyskanych ekstraktach
czosnkowych, przechowywanych w zamrozeniu do czasu dodania do hodowli komoérkowe;,
najprawdopodobniej w tej publikacji obserwowane efekty byly skutkiem dzialania

zwiagzkow siarkowych zawartych w czosnku.

Gléwnymi wnioskami z pracy jest to ze:
e polska odmiana czosnku Harna§ wykazywata wigkszy potencjat stymulacji produkcji
ROS w komorkach SCC-15.
e obydwie badane odmiany czosnku Harna§ i Morado stymulowaty cytotoksycznosé
zalezng od ROS w komorkach linii SCC-15.
e najwyzsze stezenie badanych ekstraktow nie powodowato aktywacji kaspazy-3

charakterystycznej dla apoptozy.
Publikacja 2: U. E. Binduga, A. Kope¢, J. Skoczylas, K. A. Szychowski. Comparison of
the Cytotoxic Mechanisms of Different Garlic (Allium sativum L.) Cultivars with the Crucial
Involvement of Peroxisome Proliferator-Activated Receptor Gamma. International Journal
of Molecular Sciences, 2025, 26 (1): 387

Celami drugiej publikacji byto:
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1) Okreslenie toksycznosci oraz dziatania proapoptotycznego badanych ekstraktow
uzyskanych z liofilizatow

2) Proba powigzania zawartosci polifenoli z dzialaniem antynowotworowym danego
ekstraktu

3) Okreslenie zmian ekspresji receptora PPARy po ekspozycji na badane ekstrakty

W drugiej z omawianych prac dokonano poréwnawczej analizy czterech odmian
czosnku, w tym dwoch pochodzacych z Polski (Harna$, Ornak) oraz dwoch z Hiszpani
(Violeta i Morado), pod katem ich wlasciwosci przeciwnowotworowych. Badania
przeprowadzono na dwoch liniach komoérek nowotworowych: SCC-15 i CACO-2, a takze
na prawidlowych fibroblastach linii BJ. Metody stosowane w tej pracy byly podobne do
stosowanych we wczesniej omowionej publikacji. Dodatkowo wykonano analize
chromatograficzng badanych ekstraktow, a takze ich wpltyw na ekspresje genow i biatek
w badanych komorkach. Eksperymenty prowadzone byly w dwoch przedziatach czasowych:
6 godzin — dla badania ekspresji genow oraz 24 godziny w przypadku badania ekspresji
bialtek i testow metabolicznych. W drugiej z prac ekstrakty wodne powstaly z proszku
powstalego po zmieleniu zliofilizowanych plastrow pokrojonego czosnku. Liofilizaty
zostaly rozdrobione za pomocg mtynka laboratoryjnego Pulverisette 14 z sitem 0,5 mm.
Obecnie wiadomo, ze zwigzki siarkowe takie jak np. allicyna sg szczeg6lnie niestabilne
I w ciggu kilkunastu godzin ulegaja rozktadowi w roztworach wodnych. Nalezy rowniez
zaznaczy¢, ze w produktach komercyjnych czosnek najczgséciej dostepny jest w formie
sproszkowanej po liofilizacji lub suszeniu. Obecnie wiadomo, ze zardwno suszenie jak
I liofilizacja inaktywuje enzym allinazg ktory przeksztalca alline do allicyny (Amagase,
2006). Ponadto, suszenie oprocz degradacji zwigzkoéw siarkowych niszczy rowniez
pozostate w produkcie polifenole (Lanzotti, 2006). Tak wigc, aby bada¢ substancje
polifenolowe w uzyskanym ekstrakcie i zredukowa¢ efekt dziatania zwigzkoéw siarkowych
w opisywanej publikacji wybrano ekstrakty wodne przygotowane na bazie liofilizatow.

Glownym celem badan zawartych w tej publikacji byto zbadanie cytotoksycznosci
ekstraktow oraz zidentyfikowanie mechanizmow molekularnych odpowiedzialnych za ich
dziatanie, ze szczegdlnym uwzglednieniem roli receptora PPARY.

Wszystkie badane ekstrakty wykazywaty zdolnos¢ do generowania ROS, przy czym efekt
ten byl wyraznie silniejszy w liniach komoérek nowotworowych niz w fibroblastach.
Najwigkszy wzrost poziomu ROS odnotowano dla odmiany Harna$ w komérkach CACO-2

— ponad 15-krotny wzgledem kontroli. Tak silna indukcja ROS w komorkach
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nowotworowych jest zgodna z doniesieniami literaturowymi wskazujacymi, ze stres
oksydacyjny moze by¢ wykorzystywany terapeutycznie do selektywnego uszkadzania
komorek nowotworowych (Trachootham i in., 2009). Zdolnos¢ czosnku do generowania
ROS przypisuje si¢ glownie obecnosci zwigzkow siarkowych (np. allicyna, ajoen) ale
réwniez niedocenianych zwigzkow fenolowych (np. katechina) (Amagase, 2006).

Cytotoksyczno$¢ badanych ekstraktow zostata oceniona za pomoca testu LDH oraz
testu z redukcji rezazuryny (komercyjnie znany pod nazwag ang. Alamar Blue, bazuje na
aktywnosci mitochondrialnej). Ekstrakt Morado istotnie zwigkszal poziom LDH
w komoérkach SCC-15 i fibroblastach BJ, wskazujac na potencjalng toksyczno$¢ rowniez
wobec komorek prawidtowych. Z kolei ekstrakty Harna$ 1 Ornak wywolywaty mniejszy
efekt w komoérkach BJ, co moze sugerowaé¢ wiekszg selektywno$¢ wzgledem komorek
nowotworowych — ceche pozadana w kontekscie terapii przeciwnowotworowych (Lee i in.,
2011). W tescie redukcji resazuryny obserwowano znaczne spadki aktywnosci
metabolicznej po zastosowaniu ekstraktow z odmian Ornak i Morado, co potwierdzato ich
silne dziatanie cytotoksyczne. Co interesujace, w linii komorkowej CACO-2 po ekspozycji
na ekstrakt z czosnku Ornak obserwowano wzrost aktywno$ci metabolicznej, co mogto by¢
zwigzane z mechanizmem obronnym komorki i aktywno$ciga enzyméw z rodziny
cytochroméw P450.

Interesujace wyniki uzyskano w analizie aktywnosci kaspazy-3 — kluczowego
enzymu odpowiedzialnego za wykonawczy etap apoptozy. Ekstrakt Ornak istotnie
zwigkszatl aktywnos$¢ kaspazy-3 we wszystkich zastosowanych stezeniach w komorkach
SCC-15. Podobnie, ekstrakt z czosnku Morado zwigkszatl aktywno$¢ kaspazy-3 we
wszystkich zastosowanych st¢zeniach w komodrkach BJ. Sugeruje to aktywacje procesu
apoptozy we wskazanych przypadkach. Pozostate ekstrakty, zwtaszcza Harna$ i Violeta, nie
wplywaly istotnie na aktywacje kaspazy-3, co sugeruje udzial innych mechanizméw, np.
smierci komorek poprzez autofagie lub nekrozg. Doniesienia literaturowe potwierdzaja, ze
ekstrakty roslinne mogg réznicowa¢ mechanizmy $mierci w zalezno$ci od zawartosci
zwiazkow aktywnych i typu komorek (Jasamai i in., 2016).

W analizie ekspresji genéw i biatek szczegdlng uwage poswigcono PPARy —
receptorowi jadrowemu regulujgcemu szlaki zwigzane z proliferacja, apoptoza
I metabolizmem lipidéw. Stwierdzono, ze odmiany Harna$ i Ornak wyraznie obnizaly
poziomy mRNA ibialka PPARy w komodrkach nowotworowych, natomiast Morado
zwigkszal ekspresje tego receptora w fibroblastach. Rola PPARy w nowotworach jest

ztozona — z jednej strony moze promowac rdznicowanie i zahamowanie proliferacji,
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z drugiej strony jego aktywacja moze sprzyjaé przezyciu niektérych typow komorek
nowotworowych (Kota i in., 2005). Zmniejszenie poziomu PPARy w SCC-15 po
zastosowaniu Harna$ 1 Ornak moze sugerowa¢ jego aktywacje i by¢ elementem po
aktywacyjnej degradacji receptora. Ponadto wykazano, ze wszystkie odmiany czosnku
obnizajg poziom biatka LC3A — markera autofagii — w komoérkach nowotworowych, co
moze oznacza¢ zahamowanie tego procesu i skierowanie komoérek na szlak apoptozy.
Rownoczesnie zaobserwowano wzrost poziomu enzymow antyoksydacyjnych dysmutazy
ponadtlenkowej (SOD1, ang. superoxide dismutase 1) i katalzay (CAT, ang. catalase)),
szczegblnie w fibroblastach BJ, co mozna interpretowac jako odpowiedz ochronng komoérek
prawidlowych na stres oksydacyjny. Wyjatkowy pod tym wzglgdem byt jednak ekstrakt
z odmiany Ornak. Zjawisko wzrostu ekspresji enzymoéw antyoksydacyjnych w odpowiedzi
na ROS zostalo juz wczesniej opisane w pracy Kim’a i wspotpracownikéw (2010), gdzie
komorki nowotworowe byly bardziej podatne na indukowany stresem ROS, podczas gdy
komorki prawidtowe aktywowaty mechanizmy kompensacyjne (Kim i in., 2010).

Jak wspomniano, w prezentowanej publikacji badano rowniez profil polifenolowy
ekstraktow, analizowany metoda HPLC (ang. high-performance liquid chromatography).
Badanie wykazalo obecnos¢ wielu bioaktywnych zwigzkéw o znanym potencjale
przeciwnowotworowym. Ekstrakty Harnas i Ornak zawieraly najwiecej katechiny — zwigzku
bedacego agonista PPARyY — co moze thumaczy¢ ich zdolno$§¢ do modulacji szlakow
sygnatowych zaleznych od tego receptora (Pham Ngoc i in., 2019). Odmiana Violeta
wyrdzniata si¢ obecno$cig acacetyny, epikatechiny i naryngeniny, a Morado byt bogaty
w kemferol 1 rutyne — flawonoidy o udowodnionym dziataniu cytotoksycznym
| proapoptotycznym w rdéznych typach nowotworow (Brusselmans i in., 2005).

Oprécz badan znajdujacych si¢ w opisywanej publikacji wykonano dodatkowo
analiz¢ sktadu podstawowego (sucha masa, weglowodany [wyliczone z wzoru], biatko
[metodg Kjeldahla], tluszcze [metoda Soxhleta] oraz popidt) wedlug dobrze opisanej
i szeroko stosowanej metodologii i norm (AOAC, 2011) (Tabela 1). Ponadto, wykonano
analizg zawarto$ci catkowitych polifenoli metoda z wykorzystaniem odczynnikiem Folina-
Ciocalteu oraz wiasciwosci antyoksydacyjnych metodg wykozystujagca ABTS™ (ang. 2,2"-
azino-bis  (3-ethylbenzthiazoline-6-sulfonic acid) (Re i in., 1999) (Tabela 1).
Przeprowadzona dodatkowa analiza wykazala, Ze odmiana Ornak wyrdzniala si¢ spos$rod
pozostalych najwyzsza zawartos$cig biatka (24,20 g/100g), polifenoli (778,88 mg/100g)
I najsilniejszymi wlasciwosciami antyoksydacyjnymi (88,69 umol Troloxu/1g). Wyniki te

moga dodatkowo tlumaczy¢ nieznaczne odrebne dziatanie tego ekstraktu na poziomie
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ekspresji genéw (PPARy, LC3A, SOD1 i CAT). Ekstrakt z czosnku Ornak dziatal rowniez
odmiennie na omawiane parametry takie jak aktywnosc¢ kaspazy-3 oraz redukcj¢ resazuryny.
Nie mozna wykluczy¢, ze byto to wiasnie rezultatem odmiennego sktadu. Co ciekawe
najwyzszg zawarto$¢ polifenoli miata odmiana Morado (848,84 mg/100g) przy najnizszej
aktywnosci antyoksydacyjnej (42,28 pumol Troloxu/lg). Ta obserwacja sugeruje, ze
polifenole nie sg gldwnym sktadnikiem odpowiedzialnym za wiasciwosci antyoksydacyjne
czosnku. Zgodnie z literaturg oprocz polifenoli za silne wilasciwosci antyoksydacyjne
czosnku odpowiedzialne sg selen, witamina C oraz liczne zwigzki siarkowe ktore nie byty
badane w niniejszej rozprawie. W $wietle powyzszego nie mozna wykluczy¢ wpltywu w/w

substancji na otrzymane wyniki.

Harnas Ornak Violeta Morado
Sucha Masa 37,20 + 40,63 + 37,10 £ 36,80 +
g/100g* 0,052 1,83° 0,822 0,052
Weglowodany Ogotem 77,55+ 70,20 £ 84,13 + 72,27 £
9/100g** 0,35¢ 0,122 0,234 0,01°
Biatka 19,00 + 24,20 + 16,50 +
22,90+ 0,20°
g/100g** 0,08 0,044 0,472
Ttuszcze
1,18+0,032 1,77+0,17° 1,32+£0,20® 1,51 =+0,03%
0/100g**
Popiot Ogotem
2,25+£0,22° 378+£0,062 3,79+0,092 3,27+0,15°
0/100g**

Polifenole Ogotem 608,68 + 778,88 + 411,14 + 848,84 +
mg/100g** 27,93° 16,92°¢ 11,314 29,074
Aktywnos¢é

] 79,45 + 88,69 + 79,60 £ 42,28 £
Antyoksydacyjna
2,962 1,08¢ 1,52° 1,062

umol Troloxu/1g
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Tabela 1. Sktad podstawowy, ogolna zawartos¢ polifenoli oraz aktywnos¢ antyoksydacyjna
badanych ekstraktow. W przypadku chromatograficznej jednokierunkowej analizy wariancji
(ANOVA) z zastosowaniem testu post-hoc Dunnetta, te same litery (a, b, ¢ lub d) oznaczaja grupy,
ktore nie rdznig si¢ statystycznie istotnie przy p < 0,05 w analizie. Wyniki przedstawiajg $rednia
z trzech powtorzen £ odchyleniem standardowym. * - g/100g $wiezej masy; ** - g/100g

suchej masy.

Podsumowujac, ekstrakty czosnkowe wykazuja zrdéznicowane dziatanie
cytotoksyczne zalezne od odmiany 1 typu komorek. Najwigkszy potencjat
przeciwnowotworowy wykazaty odmiany Harna$ i Ornak, charakteryzujace si¢ wysoka
aktywno$cig prooksydacyjna, modulacjg ekspresji PPARy oraz selektywnos$ciag wzgledem
komoérek nowotworowych. Morado, cho¢ silnie cytotoksyczny, wykazywal nizsza
selektywno$¢, natomiast Violeta okazata si¢ najtagodniejsza. Wyniki te potwierdzaja, ze
wybor konkretnej odmiany czosnku ma istotne znaczenie dla jego potencjatu
terapeutycznego, a dalsze badania molekularne powinny skupi¢ si¢ na synergii sktadnikow

aktywnych i ich wplywie na szlaki komdrkowe regulowane przez PPARY.

Glownymi wnioskami z pracy jest to ze:

e wysoka produkcja ROS (w najwyzszym st¢zeniu) ekstraktow byta powigzana z silng
toksycznos$cig badanych ekstraktéw czosnku

e wszystkie badane ekstrakty powodowaly mniejszy wzrost ROS w prawidtowych
fibroblastach BJ i byly mniej toksyczne dla tych komoérek

e wzory ekspresji PPARy, LC3A, SODI1 i CAT sugeruja odmienne mechanizmy
dziatania badanych odmian czosnku

e najwyzsze poziomy katechiny, znanego agonisty PPARY, wykryto u odmian Harna$
I Ornak — odpowiada to spadkowi ekspresji MRNA PPARy

e odmiana Ornak, posiadajaca najsilniejsze wiasciwosci antyoksydacyjne, najsilniej
wplywata na ekspresje mRNA PPARy i LC3A we wszystkich badanych liniach

komoérkowych
Publikacja 3: U. E. Binduga, K. A. Szychowski, Current state of knowledge on the

anticancer properties of polyphenolic compounds from garlic (Allium sativum L.) —

publikacja w recenzji
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Celami trzeciej publikacji byto:
1) Analiza dost¢pnej literatury na temat zawarto$ci polifenoli w ekstraktach
pochodzacych z roznych form czosnku
2) Podsumowanie dostgpnych danych literaturowych na temat antynowotworowego

dziatania czosnkowych polifenoli w warunkach in vitro

W niniejszej pracy przegladowej dokonano obszernej analizy aktualnego stanu
wiedzy na temat przeciwnowotworowych wlasciwosci zwigzkéw polifenolowych
pochodzacych z czosnku zwyczajnego. Praca skupia si¢ na podkresleniu, ze zawartos¢
poszczegolnych polifenoli zaleze¢ moze od formy czosnku (np. $wiezy, fermentowany,
suszony) atakze jego elementow (np. zgbki, liScie), co znalez¢é moze odzwierciedlenie
w molekularnym mechanizmie dziatania ekstraktu. Gléwnym celem opracowania byto
ukazanie, ze oprocz dobrze poznanych zwigzkow siarkowych (np. allicyny), to wiasnie
polifenole stanowig istotny komponent o potencjale przeciwnowotworowym, czesto
pomijanym w literaturze.

W pracy sklasyfikowano polifenole wystepujace w czosnku do czterech glownych
grup: flawonoidy (np. kwercetyna, katechina, naryngenina), kwasy fenolowe (np. kwas
galusowy, ferulowy, kawowy), stilbeny (np. resweratrol) oraz lignany (np. matairezynol).
Zawartos$¢ 1 sktad jakosciowy tych zwigzkow zalezy od wielu czynnikdéw, w tym odmiany
czosnku, etapu dojrzatosci, sposobu obrobki (czosnek surowy, suszony, czarny), jak rowniez
od warunkéw srodowiskowych. Podkreslono, ze liScie czosnku zawieraja znacznie wigcej
polifenoli niz zabki, co czyni je obiecujagcym surowcem farmaceutycznym, mimo ich
ograniczonego zastosowania kulinarnego w Europie.

W kontek$cie mechanizméw dzialania przeciwnowotworowego autorzy przedstawiaja
dowody na to, ze polifenole z czosnku dziataja wielotorowo, m.in. poprzez:

e indukcj¢ procesu apoptozy (gléwnie przez wzrost ROS, aktywacje kaspaz,
fragmentacje DNA),

o zatrzymanie cyklu komorkowego (gtéwnie w fazach G1 i G2/M),

e hamowanie angiogenezy i migracji komoérek nowotworowych (m.in. przez wptyw na
MMP-2/9 (ang. matrix metalloproteinase-2 and -9), VEGF (ang. vascular
endothelial growth factor)),

e modulacje¢ szlakow PI3K/Akt (ang. phosphoinositide 3-kinase / protein kinase B
(Akt)), JAK2/STAT3 (ang. janus kinase 2 / signal transducer and activator of
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transcription 3), NF-«xB (ang. nuclear factor kappa-light-chain-enhancer of
activated B cells) oraz Nrf2 (ang. nuclear factor erythroid 2-related factor 2),

o aktywacje lub represje receptora PPARYy, w zaleznosci od typu polifenolu i modelu
komoérkowego.

W poréwnaniu do dotychczasowych opracowan literaturowych praca wyrdznia si¢
szczegblowym podejsciem mechanistycznym — kazdy z kluczowych polifenoli (m.in.
kwercetyna, kwas kawowy, ferulowy, p-kumarowy, galusowy, kemferol) zostat opisany pod
katem molekularnych celow dziatania. Na przyktad kwercetyna aktywuje Nrf2 i hamuje
szlak PI3K/AKkt, a p-kumarowy kwas prowadzi do stresu ER i1 aktywacji osi Bax/Bcl-2. Tego
typu podejscie rzadko wystepuje w poprzednich przegladach, ktore skupialy si¢ gldwnie na
ogolnych wlasciwosciach przeciwutleniajacych czosnku lub dominowaty w nich zwiazki
siarkowe.

W publikacji zwrécono réwniez uwage na problem ograniczonej biodostepnosci
niektorych polifenoli, takich jak resweratrol czy kwas elagowy, co stanowi istotng bariere
w ich zastosowaniu w terapii nowotworéw u ludzi. Mimo to, dane z badan in vitro oraz
wybranych modeli zwierzecych potwierdzaja silne dziatanie antyproliferacyjne
I proapoptotyczne wielu zwigzkow. W pracy sugeruje si¢, ze synergizm dziatania polifenoli
oraz ich kombinacje z innymi klasami bioaktywnych substancji (np. zwigzkami siarkowymi)
moga wzmocni¢ ich efektywnos¢ biologiczng — co jest zgodne z koncepcja "catosciowego
efektu rosliny" w fitoterapii.

W poréwnaniu z dotychczasowymi przegladami (Ahmed i Wang, 2021; Talib i in.,
2024), niniejsza praca stanowi uzupelnienie wiedzy — oferujac poglebiong analize
mechanizméw dziatania konkretnych zwiazkow polifenolowych obecnych w czosnku.
W publikacji nie tylko nastepuje katalogowanie efektow biologicznych polifenoli, ale takze
prezentowana sg szczegolowe szlaki sygnatowe, co wyrdznia t¢ prace na tle innych.

Podsumowujac, przeglad literatury przedstawia czosnek jako bogate zrodto
bioaktywnych polifenoli o potencjale przeciwnowotworowym. Ich dziatanie zalezy od
struktury chemicznej, biodostepnosci oraz zdolnosci do modulowania kluczowych szlakoéw
sygnatowych w komoérkach nowotworowych. Praca rowniez wskazuje na potrzebe dalszych
badan in vivo i klinicznych, a takze opracowania preparatow czosnkowych
standaryzowanych pod katem zawartosci polifenoli, co moze zwigkszy¢ ich skuteczno$¢

I bezpieczenstwo w terapii wspomagajacej nowotwory.
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Glownymi wnioskami z pracy jest to ze:

e Doktadny mechanizm dziatania niektorych polifenoli czosnku jest nadal nieznany,
a dotychczasowe badania przeprowadzono gtownie na liniach komoérkowych.

e Potrzebne sg dalsze badania na zwierzgtach i proby kliniczne.

e C(Czosnek moze wspiera¢ ochron¢ przed rakiem dzigki wlasciwosciom
antyoksydacyjnym, przeciwzapalnym oraz oddzialywaniu na sygnalizacj¢ komorek
rakowych.

e Aby zapewni¢ pelng ochrong, czosnek powinien byé stosowany w ramach

zrownowazonego stylu zycia, ktory obejmuje rowniez inne zdrowe nawyki.

4.3. Syntetyczne podsumowanie

W badaniach in vitro wykazano, ze ekstrakty wodne z ré6znych odmian czosnku
(Allium sativum L.), zarbwno w postaci $wiezej, jak i liofilizowanej, wykazujg silne
dziatanie cytotoksyczne wzgledem komoérek nowotworowych (SCC-15 i CACO-2), co
wigze si¢ z indukcjg ROS. Najwyzszy potencjat przeciwnowotworowy zaobserwowano dla
odmian Harna$ i Ornak, ktore silnie generowaty ROS, modulowaty ekspresje receptora
PPARY i cechowaty si¢ selektywno$cig wzgledem komorek nowotworowych. Jednoczesnie
nie wszystkie ekstrakty aktywowaly klasyczny szlak apoptozy — sugerujac udziat
alternatywnych mechanizméw $mierci komorkowej. Wyniki badan przegladowych
potwierdzity istotny, cho¢ niedoceniany udziat polifenoli czosnku w jego dziataniu
przeciwnowotworowym, podkreslajac koniecznos$¢ standaryza cji ekstraktow i1 dalszych
badan in vivo. Catoksztalt wynikow wskazuje, ze odpowiednio przygotowane ekstrakty
czosnkowe, szczegoélnie z odmian bogatych w kateching, moga stanowi¢ obiecujacy

komponent terapii wspomagajacej nowotwory.

4.4. Ograniczenia rozprawy

1. Brak badan in vivo lub klinicznych
Cho¢ badania in vitro dostarczajg cennych informacji na temat mechanizméw
molekularnych dziatania ekstraktow czosnkowych, ich wyniki nie zawsze w pelni
odzwierciedlajg ztozono$¢ organizmu zywego. W celu potwierdzenia skuteczno$ci oraz
bezpieczenstwa ekstraktow w warunkach fizjologicznych, niezbedne sg dalsze badania in

ViVO oraz proby kliniczne.
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2. Ograniczona liczba badanych linii komérkowych
Analizy przeprowadzono na trzech liniach komorkowych, co stanowi standardowy zakres
badan in vitro. Niemniej jednak, rozszerzenie modelu o dodatkowe typy nowotwordéw lub
inne linie komorek prawidtowych mogtoby ulatwi¢ okreslenie selektywno$ci dziatania
ekstraktow wobec roznych typow tkanek.

3. Roéznorodnos¢ fitochemiczna odmian czosnku
Cho¢ praca zawiera szczegdtowe poréwnanie kilku odmian czosnku, ich sktad chemiczny
moze ulega¢ zmianom w zalezno$ci od warunkéw uprawy, miejsca pochodzenia
I sezonowosci. Dlatego konieczna bylyby badania standaryzujagce warunki uprawy
| przetwarzania materiatu roslinnego.

4. Brak standaryzacji zawarto$ci sktadnikéw aktywnych w ekstraktach
Ekstrakty wodne z czosnkow $wiezych i z liofilizatéw stosowane w badaniach réznity sig
zawartoscig zwigzkoéw aktywnych (szczegolnie polifenoli 1 zwigzkow siarki), jednak nie
wszystkie zostaty w pelni zidentyfikowane ilosciowo. W przysztosci nalezatoby rozwazy¢
przygotowanie ekstraktow standaryzowanych pod wzgledem zawarto$ci wybranych
zwigzkow bioaktywnych.

5. Potencjalna degradacja zwigzkow siarkowych
Ekstrakty uzyskiwano zarowno ze s$wiezych, jak 1 liofilizowanych zabkow czosnku.
W przypadku tych drugich, proces liofilizacji mogt wptynaé na zawarto$¢ nietrwatych
zwiazkow siarkowych (np. allicyny), co wptywato na obserwowane efekty biologiczne
szczegdlnie widoczne w przypadku linii SCC-15 odmiany Harna$ i Morado. Przyszie
badania powinny poréwnac¢ ekstrakty uzyskane réznymi metodami, przy zachowaniu peinej
stabilnosci zwigzkow siarkowych.

6. Zlozonos¢ dziatania PPARY i jego réznorodna rola w nowotworach
Cho¢ wyniki sugeruja udzial receptora PPARy w odpowiedzi komoérek nowotworowych na
ekstrakty czosnkowe, rola tego receptora moze by¢ kontekstowo zalezna od typu nowotworu
1 mikrosrodowiska komodrkowego. Dalsze badania powinny obejmowaé analize jego
aktywno$ci w szerszym zakresie modeli nowotworowych oraz w obecnosci selektywnych

agonistow/antagonistow.
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6. Streszczenie w jezyku polskim

Zdecydowana wigkszo$¢ badan obecnych w literaturze naukowej przypisuje prozdrowotne
wlasciwosci czosnku zwyczajnego (Allium sativum L.) obecno$ci w tej roslinie substancji
siarkowych. Nalezy jednak zaznaczy¢, ze zwigzki z tej grupy sa niestabilne i szybko ulegaja
degradacji szczegdlnie w trakcie obrobki i przetwarzania czosnku. Zwigzki polifenolowe
stanowig niedoceniang grup¢ substancji duzo dluzej stabilnych w przetworzonych formach
czosnku. Celem niniejszej rozprawy doktorskiej byla ocena przeciwnowotworowych
wlasciwosci ekstraktow z roznych odmian czosnku zwyczajnego (Allium sativum L.)
w warunkach in vitro oraz okreslenie mechanizméw molekularnych odpowiedzialnych za
ich dziatanie cytotoksyczne, ze szczegdlnym uwzglednieniem roli reaktywnych form tlenu
(ROS), receptora jadrowego (PPARY) i zwigzkow polifenolowych. W dwoch publikacjach
oryginalnych przeprowadzono szczegétowe badania in vitro z uzyciem komorek
nowotworowych (gruczolakorak okreznicy (CACO-2), oraz ptaskonablonkowy rak jezyka
(SCC-15)) oraz prawidtowych fibroblastow (BJ), wykorzystujac testy biochemiczne, analizy
ekspresji gendw i biatek, a takze chromatografi¢ HPLC. Pierwsza z prac koncentrowala si¢
na badaniu §wiezych ekstraktow z czosnku na linii SCC-15. Druga publikacja obejmowata
linie SCC-15, CACO-2 i BJ w ktorych badano ekstrakty uzyskane z liofilizatow
pochodzacych z czosnkéw Harna§, Ornak, Morado i Violeta. W przeprowadzonych
badaniach wykazano, ze ekstrakty z odmian Harna$ i Ornak charakteryzuja si¢ najwigksza
aktywnos$cig prooksydacyjna, selektywnym dziataniem wobec komoérek nowotworowych
oraz istotng modulacja ekspresji PPARy i markerow autofagii (LC3A). Rownocze$nie
W przegladzie literaturowym przedstawiono aktualny stan wiedzy o wlasciwosciach
przeciwnowotworowych czosnkowych polifenoli, klasyfikujac je i analizujac ich wptyw na
kluczowe szlaki sygnatowe w komodrkach nowotworowych. Wyniki rozprawy wskazuja na
potencjat terapeutyczny czosnku jako zrddta bioaktywnych zwigzkéw, ktorych skutecznosé
zalezy od odmiany, formy przetworzenia oraz sktadu chemicznego. Wnioski te podkreslaja
konieczno$¢ dalszych badan in vivo i klinicznych oraz opracowania standaryzowanych

preparatow czosnkowych o ukierunkowanym dziataniu biologicznym.
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7. Streszczenie w jezyku angielskim

The vast majority of studies in the scientific literature attribute the health-promoting
properties of garlic (Allium sativum L.) to the presence of sulfur-containing compounds.
However, it should be noted that these compounds are unstable and degrade rapidly,
especially during processing and preparation of garlic. In contrast, polyphenolic compounds
represent an underappreciated group of substances that are significantly more stable in
processed forms of garlic. The aim of this doctoral dissertation was to evaluate the anticancer
properties of extracts derived from various garlic (Allium sativum L.) cultivars under in vitro
conditions and to determine the molecular mechanisms underlying their cytotoxic activity,
with particular emphasis on the role of reactive oxygen species (ROS), the nuclear receptor
PPARY, and polyphenolic compounds. Two original research publications present detailed
in vitro studies using cancer cell lines—colorectal adenocarcinoma (CACO-2) and oral
squamous cell carcinoma (SCC-15)—as well as normal human fibroblasts (BJ). The
methodologies included biochemical assays, gene and protein expression analyses, and high-
performance liquid chromatography (HPLC). The first study focused on the effects of fresh
garlic extracts on SCC-15 cells. The second study investigated extracts obtained from
lyophilized cloves of four garlic cultivars—Harna$, Ornak, Morado, and Violeta—tested on
SCC-15, CACO-2, and BJ cells. The results demonstrated that extracts from Harna$ and
Ornak cultivars exhibited the highest pro-oxidative activity, selective cytotoxicity toward
cancer cells, and significant modulation of PPARY expression and autophagy marker LC3A.
Concurrently, the literature review included in the dissertation presented the current state of
knowledge regarding the anticancer potential of garlic-derived polyphenols, classifying
these compounds and analyzing their impact on key intracellular signaling pathways in
cancer cells. Overall, the findings highlight the therapeutic potential of garlic as a source of
bioactive compounds, whose efficacy depends on cultivar type, processing method, and
chemical composition. These conclusions emphasize the need for further in vivo and clinical
studies, as well as the development of standardized garlic preparations with targeted

biological activity.
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8. Opinia komisji bioetycznej

W niniejszej rozprawie eksperymenty byly wykonywane na ludzkich liniach
komodrkowych takich jak: fibroblasty (BJ), nowotwor ptaskonabtonkowy jezyka (SCC-15)
oraz gruczolakoraka okr¢znicy czlowieka (CACO-2). Zdonie z obowigzujacym
ustawodawstwem, badania prowadzone na liniach komorkowych nie sg uznawane za
eksperymenty medyczne, poniewaz nie s3 przeprowadzane na materiale biologicznym
pobranym od o0s6b dla celow naukowych. W zwiazku z tym, zgoda Komisji Bioetycznej nie
jest wymagana.

Do prowadzenia badan nie wykorzystywano zwierzat. Zgodnie z Ustawg z dnia 15
stycznia 2015 r. o ochronie zwierzat wykorzystywanych do celéw naukowych lub
edukacyjnych, doswiadczenia na zwierz¢tach wymagaja zgody odpowiedniej komisji
etycznej. Jednakze, prace in vitro na liniach komérkowych nie obejmuja uzycia zywych
zwierzat, a jedynie ich pochodne komérkowe. W zwigzku z tym, takie badania nie podlegaja
obowigzkowi uzyskania zgody Komisji ds. Do§wiadczen na Zwierzgtach.

Aby zapewni¢ najwyzszy standard badan byly one prowadzone na materiale
pochodzgcym od renomowanego dostawcy ATCC (ang. American Type Culture Collection)

zgodnie z GLP (ang. good laboratory practice).
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Podpisano przez:

Aneta Maria
Koped

Date / Data:
2025-01-13 11:43

2-Kopec.pdf
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Rzeszbw, dnia 07.01.2025r,

Imig i nazwisko wspolautora pracy: Joanna Skoczylas

Rada Naukowa Dyscypliny Nauki Medyczne

Wyiszej Szkoly Informatyki | Zarzgdzania
z siedzibg w Rzeszowie

Oféwiadczenie o wspélantorstwie

Niniejszym oswiadczam, ze w pracy Binduga U.E., Kopeé, A., Skoczylas, J., Szychowski,
K.A., Comparison of the Cytotoxic Mechanisms of Different Garlic (Allium sativum L.)
Cultivars with the Crucial Involvement of Peroxisome Proliferator-Activated Receptor
Gamma. Int. J. Mol. Sci. 2025, 26, 387. doi: 10.3390/ijms26010387 mdj udzial wynosit 3%
i polegal na wykonaniu oznaczen wybranych zwigzkow polifenolowych metodg HPLC.

Jednoczesnic wyrazam zgode na wykorzystanic w/w publikacji w post¢powaniu doktorskim
Pani mgr Urszuli Bindugi,
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Rzeszéw, dnia 18.01.2025

Imig i nazwisko wspétautora pracy: Konrad Szychowski

Adres do korespondencji: Kielnarowa 386A
36-020 Tyczyn k.Rzeszowa

Nr telefonu: 17 866 12 93

E-mail: kszychowski@wsiz.edu.pl

Rada Naukowa Dyscypliny Nauki Medyczne
Wyiszej Szkoly Informatyki i Zarzgdzania
z siedzibg w Rzeszowie

Odwiadcezenie o wspélautorstwie

Niniejszym o$wiadczam, z¢ w pracy Binduga U.E., Kopeé, A., Skoczylas, J., Szychowski,
K.A., Comparison of the Cytotoxic Mechanisms of Different Garlic (Allium sativum L.)
Cultivars with the Crucial Involvement of Peroxisome Proliferator-Activated Receptor
Gamma, Int. J. Mol. Sci. 2025, 26, 387. doi: 10.3390/ijms26010387 méj udzial wynosit 5%
i polegal na opiece merytorycznej i nadzorze nad calodcig pracy.

Jednoczednie wyrazam zgodg na wykorzystanie w/w publikacji w post¢powaniu doktorskim
Pani mgr Urszuli Bindugi.
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RzeszOw, dnia 15.01.2025

Imig i nazwisko wspolautora pracy: Urszula Binduga

Adres do korespondencji: Kielnarowa 386A
36-020 Tyczyn k.Rzeszowa

Nrtelefonu: 17 866 14 97

E-mail: ubinduga@wsiz.edu.pl

Ruda Naukowa Dyscypliny Nauki Medyczne
Wyizszej Szkoly Informatyki i Zarzgdzania

z siedziby w Rzeszowie

Odwiadczenie o wspdlautorstwie
Niniejszym oswiadczam, ze w pracy Binduga U.E., Szychowski, K.A,, Current stare of
knowledge of anticancer properiies of polyphenolic compounds from gartic (Allium sativion
1.} - praca w recenzji, moj udzial wynosit 90% i polegal na zebraniu literatury, krytycznym
przegladzie literatury, przygotowaniu tabel oraz koncepeji schematow.

Ponadto oswiadczam, Ze jestem autorem korespondencyjnym wskazanej pracy,
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Rzeszéw, dnia 18.01.2025

Imig 1 nazwisko wspélautora pracy: Konrad Szychowski

Adres do korespondencji: Kielnarowa 386A
36-020 Tyczyn k.Rzeszowa

Nr telefonu: 17 866 12 93

E-mail: kszychowski@wsiz.edu.pl

Rada Naukowa Dyscypliny Nauki Medyczne

Wyiszej Szkoly Informatyki i Zarzgdzania
z siedziby w Rzeszowie

Oswiadczenie o wspétautorstwie

Ninicjszym oswiadczam, ze w pracy Binduga U.E., Szychowski, K.A., Current state of
knowledge of anticancer properties of polyphenolic compounds from garlic (Allium sativiem
L.) - praca w recenzji, m6j udziat wynosit 10% i polegal na opiece merytorycznej,
wspblipracy w przygotowaniu schematéw i nadzorze nad catodcig pracy.

Jednoczesnie wyrazam zgode na wykorzystanie w/w publikacji w postgpowaniu doktorskim
Pani mgr Unszuli Bindugi.
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10. Calosciowy dorobek kandydata

10.1. Edukacja i przerwy w pracy naukowej

Edukacja:

2022-2023 — Wyzsza Szkota Informatyki i Zarzadzania z siedzibg w Rzeszowie,
Studia podyplomowe: Dietetyka i planowanie zywienia

2010- 2011 Wyzsza Szkota Ekonomii i Innowacji w Lublinie, Podyplomowe studia
kwalifikacyjne w zakresie przygotowania pedagogicznego

2006- 2007 Uniwersytet Rzeszowski, Studia podyplomowe w zakresie zarzadzania
zasobami ludzkimi

2004 - 2006 Wyzsza Szkota Informatyki i Zarzgdzania w Rzeszowie, studia
magisterskie kierunek turystyka i rekreacja, specjalnos¢: turystyka
mi¢dzynarodowa

2001- 2004 Wyzsza Szkota Informatyki i Zarzadzania w Rzeszowie, studia
licencjackie, kierunek turystyka i rekreacja, specjalno$ci: zarzadzanie w turystyce,

hotelarstwo i gastronomia

Przerwy w pracy naukowej:

18.07.2020 - 16.07.2021 - Urlop macierzynski i rodzicielski
10.02.2020 -17.07.2020 - zwolnienie chorobowe
02.02.2018 - 31.01.2019 - Urlop macierzynski i rodzicielski
13.07.2017 - 01.02.2018 - zwolnienie chorobowe

10.2. Publikacje niewchodzace w sktad cyklu

Do roku 2010 pod nazwiskiem rodowym Rogala.
1. Bar M, Binduga UE, Szychowski KA. Methods of Isolation of Active Substances

from Garlic (Allium sativum L.) and Its Impact on the Composition and Biological
Properties of Garlic Extracts. Antioxidants (Basel). 2022; 11:1345. DOI:
10.3390/antiox11071345. (*°2IF:7,0; pkt MNiSW: 100) Czasopismo z oficjalnej listy
Ministerstwa z dyscypliny Nauki medyczne

Jakubczyk A, Karas M, Stanikowski P, Rutkowska B, Dziedzic M, Zielinska E,
Szychowski KA, Binduga UE, Rybczynska-Tkaczyk K, Baraniak B.
Characterisation of Biologically Active Hydrolysates and Peptide Fractions of
Vacuum Packaging String Bean (Phaseolus vulgaris L.). Foods. 2020; 9:842. DOI:
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10.3390/foods9070842. (*°2°1F:4,35; pkt MNiSW: 100) Czasopismo z oficjalnej listy
Ministerstwa z dyscypliny Nauki o zdrowiu

Szychowski KA, Rybczynska-Tkaczyk K., Gawet-Beben K., Swieca M., Kara$, M.,
Jakubczyk, A., Matysiak, M., Binduga U., Gminski J.: Characterization of active
compounds of different garlic (Allium sativum L.) cultivars, Pol. J. Food Nutr. Sci.,
2018; 68:73-81 DOI: 10.1515/pjfns-2017-0005 (***8IF: 1,514; pkt MNiSW: 15)
Czasopismo z oficjalnej listy Ministerstwa z dyscypliny Nauki o zdrowiu

. Szychowski KA, Leja M.L., Kaminskyy D.V., Kryshchyshyn A.P., Binduga U.E.,
Pinyazhko O.R., Lesyk R.B., Tobiasz J., Gminski J.: Anticancer properties of 4-
thiazolidinone derivatives depend on peroxisome proliferator-activated receptor
gamma (PPARY), European Journal of Medicinal Chemistry, 2017; 14:162-168 DOI:
10.1016/j.ejmech.2017.09.071. (®*YIF: 4,816; pkt MNiSW: 40) Czasopismo
z oficjalnej listy Ministerstwa z dyscypliny Nauki medyczne

. Szychowski KA, Leja M.L., Kaminskyy D.V., Binduga U.E., Pinyazhko O.R.,
Lesyk R.B., Gminski J.: Study of novel anticancer 4-thiazolidinone derivatives.
Chemico-Biological Interactions, 2017; 262:46-56 DOI: 10.1016/j.cbi.2016.12.008.
(®1IF: 3,296; pkt MNiSW: 30) Czasopismo z oficjalnej listy Ministerstwa
z dyscypliny Nauki o zdrowiu

. Jodtowska-Jedrych B., Jedrych M., Ruta E. Binduga U.E. Stawecka-Wiatrowska A.,
Wplyw standow emocjonalnych na relacje z rodzing u os6éb z nieswoistymi
zapaleniami jelit, Pol J Public Health 2012; 122 (1) : 7-12; (pkt MNiSW: 7)

Krupa J., Binduga U., Skiba U., Koncepcja programéw nauczania na kierunkach
Turystyka 1 rekreacja oraz Zdrowie publiczne w kontekscie potrzeb rynku pracy
Polski Potudniowo Wschodniej, Instytut Gospodarki, Wyzsza Szkota Informatyki
| Zarzadzania, Rzeszow 2011. (pkt MNiSW: 12)

. Jedrych M., Polz-Dacewicz, Rogala U., Gtowniak-Jozefczak E., The assessment of
patients' satisfaction with nursing care in hospitals taking into consideration the
patients' gender. (Ocena satysfakcji pacjentow z opieki pielggniarskiej w szpitalach
wsrod kobiet i megzezyzn.). W: Environmental factors shaping wellness in sickness
and disability: monografia. Pod red. Jozefa Bergiera, Lublin 2010, NeuroCentrum,
s. 105-122. (pkt MNiSW: 7)

Pietryka-Michatowska E., Jedrych M., Rogala U.,Effects of selected dietary factors
and physical activity on the prevalence of overweight and obesity in the town

population (Ocena wplywu wybranych czynnikow zywieniowych i1 aktywnos$ci
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fizycznej na wystepowanie nadwagi i otylosci w populacji miejskiej). Chapter XXII
[w:]Public health and research; red.Leszek Wdowiak, Wactaw Kruk, Monika
Binkowska-Bury, wyd. NeuroCentrum, Lublin 2009, s. 279-290; (pkt MNiSW: 7)

10. Jedrych M., Polz-Dacewicz M., Rogala U., Pietryka-Michatowska E., Assesment of
patient’s satisfaction with nursing care provided in primary health care depending on
its accessibility (Ocena staysfakcji pacjentéw z opieki pielegniarskiej
w podstawowej opiece zdrowotnej w zaleznosci od dostepu do opieki). Chapter XI
[w:]Public health and research; red.Leszek Wdowiak, Wactaw Kruk, Monika
Binkowska-Bury, wyd. NeuroCentrum, Lublin 2009, s. 147-163; (pkt MNiSW: 7)

11. Jedrych M., Rogala U., The awareness of some chosen lifestyle factors on the health
condition of contemporary young people on the example of secondary school
students (Swiadomos$¢ wptywu wybranych czynnikéw stylu zycia na stan zdrowia
wspotczesne] miodziezy na przykladzie ucznidow szkdét ponadgimnazjalnych).
Chapter X [w:]Wellness and success; red. Jozef Bergier, wyd. NeuroCentrum, Lublin
2009, s. 139-152; (pkt MNiSW: 7)

12. Jedrych M., Rogala U., Psychosociological and pharmacological motives of using
addictive substances among the school teenagers (Psychologiczne oraz
farmakologiczne motywy stosowania srodkow uzalezniajacych wsréd mtodziezy
szkolnej). Chapter [w:]Environment and human health; red. Andrzej Borzecki wyd.
WSCHOD Agencja Ustugowa, Lublin 2009, s. 203-213 (pkt MNiSW: 7)

13. Jedrych M., Polz-Dacewicz M., Plotka A., Rogala U., Nowaczewska A., The
assessment of patients' satisfaction with nursing care in basic medical care depending
on age (Ocena satysfakcji pacjentow z opieki pielegniarskiej w podstawowej opiece
zdrowotnej w zaleznosci od wieku). Chapter IX [w:] Wellness in different phases of
life; red. Grazyna Olchowik, wyd. NeuroCentrum, Lublin 2008, s. 79-87; (pkt
MNISW: 7)

10.3. Konferencje naukowe
1. Szychowski KA, Leja M.L., Binduga U.E., Tobiasz J., Gminski J.: Impact of elastin-
derived peptides (EDPs) on matrix metalloproteinases -2, -9 (MMPs-2, -9) mRNA
expression in mouse astrocytes in vitro. Neurochemical Conference 2017, Advances
in  molecular and epigenetic mechanisms in neurodegeneration and
neuroinflammation: novel therapeutic approaches, Warszawa, 19-20 pazdziernika
2017
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2. Tobiasz J., Szychowski KA, Leja M.L., Yelnytska V., Binduga U.E., Gminski J.:
Antyproliferacyjne dziatanie ekstraktu z grzyba Inonotus obliquus. Badania i Rozwoj
Mtodych Naukowcoéw w Polsce 2017, Lublin, 12 maja 2017

3. Szychowski KA, Wnuk A, Binduga U, Kajta M, Wojtowicz A.K.: Impact of
triclosan on expression of NMDA receptor subunits in mouse neocortical neurons.
The 13th International Symposium "Molecular basis of pathology and therapy in
neurological disorders” and The 4th International Conference "Stem cells:

therapeutic outlook for nervous system disorders", Warsaw, November 17 — 18, 2016

10.4. Udziat w zewnetrznych projektach naukowych

1. Wykonawca w projekcie badawczym: ,,Program przebudowy rolnictwa w kierunku
zmian strukturalnych i zasad zréwnowazonego rozwoju” finansowany jest ze
srodkow budzetu panstwa, przyznanych przez Ministra Nauki 1 Szkolnictwa
Wyzszego w ramach Programu ,,Nauka dla Spoteczenstwa II”. Numer umowy:
UMOWA Nr NdS-1I/SN/0159/2023/01 o realizacj¢ projektu nr rej. NdS-
I1/SN/0159/2023/01, czas realizacji: 21.12.2023 - 21.12.2025

2. Wykonawca w projekcie badawczym pt. ,,Pozyskanie substancji bioaktywnych
z Inonotus obliquus w formie mozliwej do =zastosowania we wzbogacaniu
zywnosci”. Zrédto finansowania Podkarpackie Centrum Innowacji, numer

27/WSIZ/1/DG/PCI/2021, czas realizacji 02.2022 — 07.2022 (kwota 252 173,30 zt).

10.5. Zgloszenia patentowe
1. W dniu 19.07.2022, zlozono zgloszenie patentowe nr P.441769, pt. ,,Sposdb
ekstrakcji substancji aktywnych z Btyskoporka podkorowego”. Autorzy gloszenia
patentowego Konrad Szychowski, Tadeusz Pomianek, Bartosz Skoéra, Urszula
Binduga. Zgtoszenie patentowe zostalo przygotowane na podstawie uzyskanego

projektu badawczego.

10.6. Dziatalno$¢ popularyzujaca nauke
1. Prelegentka TEDxRzeszéw Countdown, Wystagpienie: ,,Czy zioto moze duzo?”
2. Prelegentka Konferencji w Podkarpackim Os$rodku Doradztwa Rolniczego
w Boguchwale:
a) Konferencjaw ramach realizowanej operacji pn. ,,Zywnos¢ funkcjonalna i jej

bezcenny wplyw na organizm” ze S$rodkéw pochodzacych z Unii
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Europejskiej Schematu Il Pomocy Technicznej, Krajowej sieci Obszarow
wiejskich, Planu Rozwoju Obszaréw wiejskich na lata 2014-2020 |,
wystapienie: ,,Zywno$¢ funkcjonalna i jej bezcenny wptyw na organizm’’ —
29.02.2024
b) Konferencja ,,Ograniczenic strat i marnotrawstwa w krotkim tancuchu
dostaw — wyzwaniem najblizszych lat”, wystgpienie: ,,Nie wyrzucaj
wykorzystaj — niekonwencjonalne wykorzystanie odpadow zywnosciowych
w dietetyce i kosmetologii” — 08.03.2023
¢) Konferencja,,Racjonalne odzywianie profilaktyka zdrowotng”, wystapienie:
»Znaczenie postow krotkotrwatych w profilaktyce chorob”. — 11.10.2022
Pomystodawca i koordynatorka akcji profilaktyczno-zdrowotnej dla pracownikow
WSIIZ pn. ,,Tydzien Zdrowia WSIiZ”.
. Audycje w radiu Rzeszow w cyklu ,,Blizej natury” ,,Science” oraz ,,Szlachetne
zdrowie” wywiady:
a) Wplyw diety na odporno$¢.13.01.2025
b) Ziota przeciwzapalne. Jak je stosowac? 28.11.2023
c) Wiasciwosci stodzikow — 23.03.2023
d) Mikro i makro sktadniki w diecie — 09.11.2022
. Wywiady w telewizji TVP3 Rzeszoéw, wywiad: ,,Cudze chwalicie swego nie znacie
— o wlasciwos$ciach zdrowotnych jabtek” —02.10.2023
Prelekcje w szkotach ponadpodstawowych — prowadzac dla uczniéw zajecia
praktyczne w ramach projektu ,,Ciekawa lekcja” z tematyki zasad zdrowego
odzywiania oraz profilaktyki zdrowotnej. Od 2022 roku do chwili obecnej lekcje
odbyly sie¢ w ponad 50 szkotach , zrealizowano — 217 godzin.
Prelekcje w Akademii 50+ prowadzac wyklady oraz warsztaty z tematoéw m.in.:
Swiadome ksztattowanie diety — niebezpieczne dodatki do zywnosci, A gdyby tak
cofng¢ zegar biologiczny — o sile antyoksydantéw w diecie, Analiza sktadu masy
ciata, Produkty wspierajace odpornos¢ organizmu, Tabletka cud - fakty i mity na
temat suplementow diety, Racjonalne odzywianie - nowa piramida zywieniowa.
. Wspotautorka artykutow popularnonaukowych na Zielonym Blogu WSIiZ:
a) ,.Kondycja gleb a zdrowie cztowieka”: 23.01.2025
https://zielonyblog.wsiz.edu.pl/kondycja-gleb-a-zdrowie-czlowieka/
b) ,Mikroplastik  powoli  zabija nas od $rodka!”:  01.08.2024

https://zielonyblog.wsiz.edu.pl/mikroplastik-powoli-zabija-nas-od-srodka/
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Rzeszdw, dnia 6.06.2025 .

Urszula Binduga
imig  maawisko kandydata

OSWIADCZENIE

Oswiadczam, ze ztozona przeze mnie rozprawa doktorska:

«Mechanizm dziatania ekstraktow z czosnku zwyczajnego (Allum sotivum L) ze szczegdlnym
uwzglednieniem roli  substancji polifenolowych | receptora aktywowanego proliferatorami
peroksysomaow gamma {PPARy) w warunkach /n vitro zostata napisana przeze mnie samodzielnie”,

Oswiadczam réwniez, ze przedstawiona rozprawa doktorska nie byta wezesniej przedmiotem procedur
zwigzanych z uzyskaniem stopnia naukowego.

Jednoczednie wyratam zgode na jej publiczne udostepnianie.

£ R
podpis
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