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Resumo

O cancro pancreatico (PC) é atualmente uma das causas mais comuns de morte por
cancro. Um dos hallmarks do cancro é a capacidade que as células tumorais adquirem
para reprogramar o seu metabolismo, de modo a sustentar as suas necessidades
energéticas. O efeito de Warburg é uma destas alteragbes, no qual as células tumorais
promovem a glicélise com formacgéo de lactato, mesmo em condi¢des aerdbicas. Algumas
células tumorais podem também tornar-se “viciadas em glutamina”, aumentando a sua
incorporagdo de glutamina e tornando este aminoacido indispensavel ao seu
funcionamento. Estas células podem também aproveitar o lactato libertado por outras
células tumorais durante a glicélise, num processo denominado shuttle do lactato. Ao
passar por esta alteracao, as células tumorais podem utilizar o lactato, que seria de outra
forma um residuo metabdlico, para produzir mais energia e prevenir a acidose lactica no
microambiente tumoral. Como consequéncia destas alteracbes no metabolismo, alguns
tipos de cancro apresentam sobre-expressdo das proteinas de transporte desses
nutrientes, incluindo o GLUT1 (o principal transportador de glucose na maioria das
células), o ASCT2 (um transportador de glutamina dependente de sédio) e o0 MCT1 (o
principal importador de acido lactico na maioria das células). Um tratamento alternativo
para o cancro que tem ganho interesse nos ultimos anos é o uso de compostos bioativos
naturais. Trabalhos prévios do nosso grupo revelaram que alguns carotenoides e
polifendis tém atividade anti-tumoral e interferem com o transporte de nutrientes em
algumas células tumorais. Neste trabalho, avaliamos o efeito de alguns carotenoides
(astaxantina, B-caroteno, crocina e fucoxantina) e de alguns polifendis (crisina,
genisteina, kaempferol e quercetina) na incorporacdo de glucose (*H-DG), acido lactico
(®H-L) e glutamina (®*H-GLN) em duas linhas celulares de cancro pancreatico, as células
AsPC-1 e PANC-1. A crocina e a crisina foram o0s compostos com um efeito mais
marcado, reduzindo a incorporagéo de nutrientes na linha AsPC-1. A crocina originou uma
diminuicdo na incorporacdo de °H-DG e 3H-L (10-20%) e a crisina originou uma
diminuicdo na captacdo de 3*H-DG e 3H-GLN (x20%). Exploramos depois mais
profundamente os efeitos da crocina e da crisina (10 pM) nas células AsPC-1. A partir
desses ensaios verificamos que: (a) a crocina e a crisina ndo alteram significativamente a
expressao génica do GLUT1, ASCT2 e MCTL; (b) a crocina e a crisina reduzem a
viabilidade destas células, de uma forma dependente da concentragdo; (c) em
combinagdo com inibidores das proteinas de transporte (BAY-876, NPPB e GPNA), a
crocina e a crisina ndo tém um efeito citotdxico adicional. Concluindo, a crocina e a
crisina promovem a diminuicdo da viabilidade nas células AsPC-1, possivelmente devido

ao seu efeito inibitério na incorporacéo de glucose, acido lactico e glutamina.



Palavras-chave: cancro pancreatico, captacdo de nutrientes, glucose, acido lactico,
glutamina, GLUT1, MCT1, ASCT2, carotenoides, polifendis, crocina, crisina




Abstract

Pancreatic cancer (PC) is currently one of the most common causes of cancer-related
death. One of the hallmarks of cancer is the ability that cancer cells acquire to reprogram
their metabolism in order to maintain the energetic requirements. The Warburg effect is
one of these alterations, in which cancer cells promote glycolysis, even in aerobic
conditions. Some cancer cells can also become “glutamine addicted”, increasing uptake of
glutamine, which becomes indispensable for their function. Cells can also take advantage
of the lactate released by other cancer cells during glycolysis, in a process called lactate
shuttle. This alteration allows cancer cells to use lactate, otherwise a metabolic waste
product, to produce more energy and to prevent lactic acidosis in the tumor
microenvironment. Due to these changes in metabolism, some cancers present
overexpression in nutrient transporter proteins, including GLUT1 (the main glucose
transporter in most cells), ASCT2 (a sodium-dependent glutamine transporter) and MCT1
(the main lactic acid importer in most cells). An alternative treatment for cancer that has
increased in interesting in the latest years is the use of isolated natural bioactive
compounds. Previous works from our group show that some carotenoids and some
polyphenols have anticancer activities and interfere with nutrient transport on some
cancer cells. In this work, we evaluated the effect of some carotenoids (astaxanthin, B-
carotene, crocin and fucoxanthin) and some polyphenols (chrysin, genistein, kaempferol
and quercetin) on glucose (®H-DG), lactic acid (®*H-L) and glutamine (*H-GLN) uptake by
two PC cell lines, AsPC-1 and PANC-1 cell lines. We verified that crocin and chrysin were
the compounds with highest effect on nutrient uptake, reducing nutrient uptake by AsPC-1
cells. Crocin promoted a decrease in both H-DG and *H-L uptake (10-20%) and chrysin
promoted a decrease in *H-DG and ®H-GLN uptake (+20%). We then further explored the
effect of crocin and chrysin (10 uM) on AsPC-1 cells. From these assays we concluded
that: (a) crocin and chrysin do not significantly alter GLUT1, ASCT2 and MCT1 gene
expression; (b) crocin and chrysin decrease cell viability, in a concentration-dependent
manner; (c) in combination with nutrient transport protein inhibitors (BAY-876, NPPB or
GPNA), crocin and chrysin do not have an increased cytotoxic effect. In conclusion, crocin
and chrysin decrease AsPC-1 cell viability, most likely due to their inhibitory effect on

glucose, lactic acid and glutamine uptake.

Key words: pancreatic cancer, nutrient uptake, glucose, lactic acid, glutamine, GLUTL1,

MCT1, ASCT2, carotenoids, polyphenols, crocin, chrysin




Vi



List of Abbreviations

#

*H-DG 3H-deoxy-D-glucose

3H-GLN 3H-glutamine

3H-L 3H-lactic acid

A

ASCT1 Alanine, serine, cysteine, threonine transporter 1
ASCT2 Alanine, serine, cysteine, threonine transporter 2
ALDH1A Aldehyde dehydrogenase 1 family, member Al
Akt Protein kinase B

ATCC American Type Culture Collection

ATM Ataxia Telangiectasia Mutated

ATP Adenosine triphosphate

B

BMI Body mass index

BRCA1l Breast cancer gene 1

BRCA2 Breast cancer gene 2

BTLA B- and T-lymphocyte attenuator

C

CCL21 Chemokine (C-C maotif) ligand 21

CCR7 C-C chemokine receptor 7

CDKN2A Cyclin-dependent kinase inhibitor 2A

cDNA Complementary DNA

COX2 Cyclooxygenase-2

D

DMEM Dulbecco’s modified eagle medium

DMSO Dimethyl sulfoxide

E

ECOG Eastern Cooperative Oncology Group

EDTA Ethylenediaminetetraacetic acid

EGFR Epidermal growth factor receptor

Vii



EMT Epithelial-mesenchymal transition

ERK Extracellular signal-regulated kinase

F

FAK Focal adhesion kinase

FBS Fetal bovine serum

FOXM1 Forkhead box protein M1

G

GF-HBS Glucose-free HEPES buffered saline

GLS Glutaminase enzyme

GLUT Sodium-independent glucose transporter
GPNA L-y-Glutamyl-p-nitroanilide

H

hENT1 Human Equilibrative Nucleoside Transporter 1
HEPES N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)
HCV Hepatitis C virus

hnRNPAL Heterogeneous nuclear ribonucleoprotein A1

IL Interleukin

J

JNK Jun N-terminal kinase

K

Ki Inhibition index

KRAS Kirsten rat sarcoma virus

L

LC3 Microtubule-associated protein 1 light chain 3
LDH Lactate dehydrogenase enzyme
M

MAPK Mitogen-activated protein kinases

MCT Monocarboxylate transporter

viii



miR
MLH1
MMP
MSH2
MSH6
MTT

N
NADH/NAD*
NET

NF-kB
NPPB

@)
OXPHOS

PALB2
PARP
PC
PI3K
PMS2
PRSS1

Q
RT-gPCR

RAGE
RNA
RPMI
ROS
RRM1
RRM2

SEM

MicroRNA

MutL homolog 1

Matrix metalloproteinases

MutS homolog 2

MutS homolog 6
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide

Nicotinamide adenine dinucleotide
Neuroendocrine tumors
Nuclear factor kappa-light-chain-enhancer of activated B cells

5-nitro-2-(3-phenylpropylamino)-benzoic acid

Oxidative phosphorylation

Partner and localizer of BRCA2
Poly-ADP ribose polymerase.
Pancreatic cancer
Phosphatidylinositol 3-kinase
Post-meiotic segregation increased 2

Serine protease 1

Quantitative reverse transcriptase polymerase chain reaction

Receptor for Advanced Glycation Endproducts
Ribonucleic acid

Roswell Park Memorial Institute

Reactive oxygen species

Ribonucleotide reductase M1 subunit

Ribonucleotide reductase M2 subunit

Standard error of the mean




SGLT Sodium-glucose cotransporter
SHH Sonic hedgehog

SLC Solute carrier family

SLC1A4 Solute carrier family 1 member 4
SLC1A5 Solute carrier family 1 member 5
SLC6A14 Solute carrier family 6 member 14
SLC16A1 Solute carrier family 16 member 1
SLC16A3 Solute carrier family 16 member 3

STAT3 Signal transducer and activator of transcription 3
STK11 Serine/threonine kinase 11

T

TCA Tricarboxylic acid

TGF-B Transforming growth factor-f3

TNF-a Tumour Necrosis Factor alpha

TRAIL Tumor necrosis factor—related apoptosis-inducing ligand
U

USFDA United States Food and Drug Administration

uv Ultraviolet

Vv

VEGF Vascular endothelial growth factor

w

WNT Wingless-related integration site




Table of Contents

Chapter | = INTrOAUCTION . .....ieiieiieee ettt e e e snnnnnnnnnnes 1
1. PANCIEALIC CANMCET ....eeeiiiiiiiiiiiiiitttee ettt ettt ettt ettt s e s e e e s snessssnnnnnnnnnnes 1
U =T o] (o [=Tg g T o1 (o= VPRSP PPPR PP PPPI 1
L2 = 1 o] (o = VOO PP PPPR PP PP 2
1.3. Symptoms and [ate QiGZNOSIS .......ceuuuieuuiiiiiiiiiieiie ettt ettt e e et et et e e e eaas 3
L (=T 11 1= o1 PN 3
2. Hallmarks of cancer and cancer cell metaboliSm ............cccooooiiiiiies 5
2.7. GlUCOSE MELADOLISM ...cc.uuuiiiiiiiiiiiiiiiiiiiiiii ittt 5

b I I VAT =T o T8 = 4 (=T TR 6
2.1.2. GlUCOSE tranS POt PrOTEINS tiuuiiniiieii ittt et e ettt e e e et e e eete et aaneenseassansaneeensensenneensnnns 7

2.2. Glutaming mMeta@bOliSIM............ciiiiuiiiiiiiiiiiiiiiiii ittt ettt ettt e eaa 8
2.2.1. Glutamine addiction in CANCEr CEUS........iciuuiiiiiiiiiiiiiiiiii e 8
2.2.2. Glutaming tranSPOIt PrOTEINS .ouuiiuieiitieie et te ettt e te et eeette et teeeeneernrensenseessensenesensensensrensenns 9

2.3. Lactic acid/Lactate metaboliSmM............cc.cvviuviiiiiiiiiiiiiiiiiiiiiiiniiin e 9
2.3.1. Lactate shuttle in canCer CellS.......ooiiiiuiiiiiiiiiiiiiiiiiiiiii e 10
PRIV I-Tor - | (=R = [ a1 o To o =T gl o (0] (=11 1 OO PPPIN M

3. Dietary Bioactive COMPOUNGS ..........uuuiiiiiieeieieiiiii e e e ee e e e e e e e eear e e e e e e eeeaaann 12
R B O T 0] 1= Ta 1o [0 K- NPT PUPSPR TP 12
31T ASTAXANTNIN ceeeii ittt a et e tab e taa e ees 13

LT I R T=] {0 {1 o 1T PPN 14

R Tt IR R O] (o T | o HRO PP TPRPON 15

R T 0 U o =1 o1 o N 15

I 011/ o] =] s Lo ] K I PP TP PRPRRS 17

L 707 B £ V1 [ o I SOOI 18
I € =1 113 -1 [ o PR PP TPRTPON 18

I 2RC I (€ T=10 01 o) (=] (o ] DOR P TP P PR PT TN 19
TR R B O TUT<] (o1 i o I PSS 19

(01 = VoL (=T LIl N 1o 1 SR 23
Chapter lll = Material and Methods ............iiiiiiiiiiii e 25
L. MAEETIAIS. ..ttt a e 25
2. CeIICUIUIE .ttt e e e e e e e e 25
3. Cll trEAIMENTS ...ttt e e e e e e e e e e e 27
4. NULent iINCOIPOTAtION BSSAYS .....euuuuuiiieeeaeeeiiiii e e e eeeeetetiaa e e e e e eeeeeatena e e eeeeeeennnnnn s 27
5. RNA extraction and RT-QPCR ... e e 28
6. Cell VIability — MTT @SSAY ....utuiieiiiiiieeiiiieeee et e e ee e s e e e et e e s e et e e e e et e e e eeta e e eeaanaaerenes 29
7. Protein determination ........... ... eeeeeeeiieieiiiieeiie e 29

Xi



8. CalCUulation AN StALISTICS ..uvvuieniee ittt ettt e ettt e e e e e eenns 29

8.71. TiME-COUISE @NALYSIS «...cevuiiiiiiiiieiee ettt et e e et et e e e eea e eenaeees 30
Chapter IV — RESUILS ...ttt enneennnnnne 31
1. Effect of carotenoids and polyphenols on nutrient uptake ..............covvvvvviiiiiiiiiieiennnne. 31
1.1. Time-course Of 3H-L iINCOMDOIALtION. ...........eveeeeeeeeeerreeeeeeeeeeeeeeeeeeeerreereeereeeeereerrerrrrrrer. 31

1.2. Effect of carotenoids on *H-L, *H-DG and 3H-GLN inCOrpOration...............eeeeeeeeeeeeeeeeeeeveeenns 32

1.3. Effect of polyphenols on *H-L, *H-DG and 3H-GLN inCOrporation ................eeeeeeeeeeeeeeeeeveeenns 36

2. Effect of crocin and chrysin on mRNA levels of nutrient transporters (GLUT1, ASCT2

AN IMCT L) L 40
3. Effect of crocin and chrysin on cell viability .............cccoooiiiie 41
4. Influence of nutrient transport inhibitors (BAY-876, NPPB or GPNA) on the effect of
chrysin or croCin 0N Cell VIability ............uuuii 41
ChAPLEr V — DiSCUSSION ..ttt ettt e e et s s s es st sssseesssssnennnne 43
Chapter VI — CONCIUSIONS ....ciiiiiiiiiiiiiiiiiet ittt e e e et e e e e e e e ee e e e eeeeeeeees 51
Chapter VI - REFEIENCES... ..o e 53

Xii



Figure Index

Figure 1: Bar chart representing the absolute numbers of incidence (A) and mortality (B)
of the top 15 cancer sites, in 2022, for both sexes®. Pancreatic cancer is highlighted in

DOth Dar ChaS. ... e 1
Figure 2: Treatment options for PC patients, depending on tumor resectability and ECOG

(Eastern Cooperative Oncology Group) performance status of the patient®®. .............. 4
Figure 3: The hallmarks of cancer “New dimensions” (2022)%. ...........cccccevveeieeiieesiveennnnn, 5

Figure 4: Warburg Effect and differences in the glucose usage between normal and
CANCEN CEIISZE. . .ot e e et e et e e eaae s 7

Figure 5: Main glucose transporters from the GLUT family, its location and properties®:....7

Figure 6: Glutamine metabolic fate in normal cells®. ..........cccooiiiiiiiiiie e, 8
Figure 7: Glutamine transporters in mammalian cells®. ............cccooiiiiiiiiiiiiee e, 9
Figure 8: Metabolic Symbiosis between hypoxic and oxygenated cancer cells*.............. 11

Figure 9: Representative image of the carotenoids involved in this project, with their
respective chemical structure and classification (carotenes or xanthophylls). Figure
created with Biorender. Chemical structures obtained from ChemSpider. ................. 13

Figure 10: Representative image of the polyphenols involved in this study, with their
respective chemical structure and classification (flavonols, flavones or isoflavones).
Figure created with Biorender. Chemical structures obtained from ChemSpider. ...... 17

Figure 11: Representative microscope images of AsPC-1 flasks with 100% confluence,

taken with 4x (A) and 10x (B) magnification. ............ccccccoeeiiiii i 26
Figure 12: Representative microscope images of PANC-1 flasks with 100% confluence,
taken with 4x (A) and 10x (B) magnification. ............ccccccoeeeiiiie i, 26

Figure 13: Time-course of *H-L uptake by AsPC-1 cells. Cells were incubated at 37°C with
10 nM 3H-L for 1, 5, 10, 15, 30 and 60 min. Results are presented as pmol mg protein-
L with arithmetic means + SEM (n=6-7). kin: rate constant of inward transport; Kout: rate
constant of outward transport; Amax: accumulation at steady state (t—x). ................. 31

Figure 14: Effect of carotenoids on 3H-L uptake by AsPC-1 and PANC-1 cells. After 24h
exposure to the compounds (0.1, 1 and 10 uM) or solvent, cells were preincubated for
20 min, followed by an incubation for 3 min with 10 nM *H-L (n=6-8). Results are
presented as pmol/mg of protein (% of control) with arithmetic means + SEM.
*Significantly different from control (p<0.05). **Significantly different from control
(ORS00 ) SRR SUPRSRRR 32

Figure 15: Effect of carotenoids on *H-DG uptake by AsPC-1 and PANC-1 cells. After 24h
exposure to the compounds (0.1, 1 and 10 pM) or solvent, cells were preincubated for

20 min, followed by an incubation for 6 min with 10 nM *H-DG (n=6-8). Results are

Xiii



presented as pmol/mg of protein (% of control) with arithmetic means + SEM.
*Significantly different from control (p<0.05). **Significantly different from control
(P00 ettt e e e et e e e e e e e e r e e e e e e e e 33

Figure 16: Effect of carotenoids on *H-GLN uptake (total, Na*-independent and Na*-

dependent) by AsPC-1 cells. After 24h exposure to the compounds (0.1, 1 and 10
MM) or solvent, cells were preincubated for 20 min, followed by an incubation for 6
min with 5 nM *H-GLN (n=6). Results are presented as pmol/mg of protein (% of
control) with arithmetic means + SEM. *Significantly different from control (p<0.05).
**Significantly different from control (P<0.01). .....oovvviiiiiiiiiiiiiiiiiiieeeeeeee e 34

Figure 17: Effect of carotenoids on *H-GLN uptake (total, Na* independent and Na*

dependent) by PANC-1 cells. After 24h exposure to the compounds (0.1, 1 and 10
MM) or solvent, cells were preincubated for 20 min, followed by an incubation for 6
min with 5 nM ®H-GLN (n=6). Results are presented as pmol/mg of protein (% of

control) with arithmetic means + SEM. *Significantly different from control (p<0.05).

**Significantly different from control (P<0.01). .....ovvviiiiiiiiiiiiiiiiiiiieeeeeee e 35

Figure 18: Effect of polyphenols on 3H-L uptake by AsPC-1 and PANC-1 cells. After 24h

exposure to the compounds (0.1, 1 and 10 uM) or solvent, cells were preincubated for
20 min, followed by an incubation for 3 min with 10 nM 3H-L (n=6). Results are
presented as pmol/mg of protein (% of control) with arithmetic means + SEM.
*Significantly different from control (p<0.05). **Significantly different from control
(ORS00 ) OO EUURR T PUPPPPRRR 36

Figure 19: Effect of polyphenols on *H-DG uptake by AsPC-1 and PANC-1 cells. After 24h

exposure to the compounds (0.1, 1 and 10 uM) or solvent, cells were preincubated for
20 min, followed by an incubation for 6 min with 10 nM 3H-DG (n=6). Results are
presented as pmol/mg of protein (% of control) with arithmetic means + SEM.
*Significantly different from control (p<0.05). **Significantly different from control
(ORS00 ) SO EUUR T SUPPPRRR 37

Figure 20: Effect of polyphenols on *H-GLN uptake (total, Na* independent and Na*

dependent) by AsPC-1 cells. After 24h exposure to the compounds (0.1, 1 and 10

UM) or solvent, cells were preincubated for 20 min, followed by an incubation for 6
min with 5 nM 3H-GLN (n=4-6). Results are presented as pmol/mg of protein (% of
control) with arithmetic means + SEM. *Significantly different from control (p<0.05).

**Significantly different from control (P<0.01). .....ccooiiiiiiiiiiii e 38

Figure 21: Effect of polyphenols on *H-GLN uptake (total, Na* independent and Na*

dependent) by PANC-1 cells. After 24h exposure to the compounds (0.1, 1 and 10
1M) or solvent, cells were preincubated for 20 min, followed by an incubation for 6

min with 5 nM *H-GLN (n=6). Results are presented as pmol/mg of protein (% of

Xiv



control) with arithmetic means + SEM. *Significantly different from control (p<0.05).
**Significantly different from control (P<0.01). .....ovvviiiiiiiiiiiiiiieeeiieeeeeee e 39
Figure 22: Effect of crocin (A) and chrysin (B) on GLUT1, MCT1 and ASCT2 mRNA levels
in AsPC-1 cells. After a 24 h treatment with crocin 10 yM (A), chrysin 10 uM (B) or
solvent (control), mRNA levels were quantified with RT-gPCR (n=4-6). Data were
normalized to the expression of B-actin. Shown are arithmetic means £ SEM. ......... 40
Figure 23: Effect of crocin and chrysin (1-20 uM) on cell viability. After a 24h exposure to
crocin (A) or chrysin (B) 1, 10 and 20 uM, cell viability was assessed with the MTT
assay (n=7-8). Arithmetic means + SEM are shown. **Significantly different from
CONIOL (P<O.0L). oo 41
Figure 24: Effect of crocin or chrysin (10 uM) and nutrient transport inhibitors (2.5 pM BAY-
876, 0.1 mM NPPB and 1 mM GPNA) on cell viability of AsPC-1 cells. After 24h
exposure to crocin or chrysin 10 uM and nutrient transport inhibitors, cell viability was
assessed with the MTT assay (n=6-12). Arithmetic means £+ SEM are shown.

*Significantly different from control (P<0.05) **Significantly different from control

(P<0.01). ns not significantly different. ..........c.cccoooeiii i, 42
Table Index
Table 1: Primer sequences and annealing temperature (AT) for real time RT-gPCR. ....... 28
Table 2: Protocol time, temperature and cycle repeat for RT-gPCR...........ccccooovveivvvviinnnnn. 29

XV



Chapter | — Introduction

1. Pancreatic cancer

The pancreas is a gland found between the spleen and duodenum, with exocrine and
endocrine functions that play an essential role in nutrient digestion and metabolism and
glucose homeostasis?.

Pancreatic cancer (PC) can be defined as a group of malignancies, most of which classify
as adenocarcinomas. Neuroendocrine tumors are less common, but usually have a better

prognosis than exocrine tumors?.

1.1. Epidemiology

PC is currently the 6" leading cause of death by cancer, worldwide, in both sexes, with
approximately 467 409 deaths and the 12" most incident cancer with 510 992 new cases,
in 2022 (Fig. 1)3.
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Figure 1: Bar chart representing the absolute numbers of incidence (A) and mortality (B) of the top 15 cancer

sites, in 2022, for both sexes®. Pancreatic cancer is highlighted in both bar charts.

PC is currently one of the most lethal cancers with a 5-year survival rate of only 12% in
the USA, in 2019*. This is mainly due to the absence of symptoms, which leads to a late
diagnosis. PC incidence is expected to increase in the future due to the change in age
distribution of the global population, with an increase in people with older age. Indeed,
because PC rarely occurs in people before 40 years of age, population ageing is expected

to lead to an increase in PC incidenceb.

The global burden of PC has been increasing rapidly throughout the last years, and this

rise is expected to continuel. It is predicted that by 2025, PC might become the third




leading cause of death, after lung and colorectal cancer®, surpassing esophagus, breast,

gastric and liver cancers.

1.2. Etiology

PC is associated with many modifiable risk factors, although the mechanisms related to
this risk increase are still relatively unknown. The strongest association with PC has been
observed with chronic pancreatitis, smoking and alcohol consumption’.

Chronic pancreatitis is an inflammatory disease that promotes the replacement of the
pancreatic parenchyma by fibrous tissue, leading to a decrease in acinar and islet cells.
The main factors that are known to promote this disease are smoking and alcohol
drinking. It has been shown that patients with chronic pancreatitis have a significant
increase in PC risk’ 8,

Smoking has been shown to have the strongest association with PC development, with a
relative risk of 2.0 to 4.0. Many studies show that smoking increases the risk of developing
PC, when compared to non-smokers and to former smokers, and decreases the survival
in PC patients” 8,

Furthermore, heavy alcohol drinking (4 or more drinks per day) has been shown to
increase the risk of PC in some studies, but low and moderate alcohol drinking was not
found to associate with PC. It was also found that this behavior increased PC risk in men,
but showed no association in women?®. Noteworthy, heavy alcohol drinking is related to the
development of pancreatitis and diabetes mellitus, both of which are known to increase
risk of PC’.

In terms of diet, there have been many studies with inconsistent results about the effect of
dietary habits on PC risk, but some studies suggest that a diet rich in carbohydrates, red
meat and fats might contribute to a higher PC risk, while a diet rich in plant-based
proteins, vitamins (including vitamin C, D and E), tea and coffee might have a protective

effect®.

Other modifiable risk factors include obesity, metabolic syndrome, periodontal disease,

cholecystectomy, occupational exposure and infection®.

Although lifestyle has a big impact on PC development, it is also dependent on non-
modifiable factors like age, gender, race, and blood type*°.

Most of PC cancer cases occur in older people, with only approximately 10% of cases of
PC diagnosed before 50 years of age'®. This type of cancer is also more common in men

than in women'!, although the incidence differences decrease with aging.




The incidence and mortality of PC has also shown differences between different
ethnicities, being higher in African Americans, mainly due to being often diagnosed at
advanced stages (due to socioeconomic status and increased risk behaviors, such as
smoking, alcohol consumption and obesity) but also due to molecular differences between
populations (higher frequency of CDKN2A and KRAS mutations). Asians have shown to
be the individuals with a better prognosis and survival®°.

Blood group has also shown association with PC risk, being increased in A, B and AB
blood types?®?.

Although most PC are sporadic, around 10% of cases are hereditary syndromes or
familiar PC cases®®. Studies have shown that first-degree relatives of patients with PC
have a 6.79-fold increase in PC risk®.

Genes associated with PC susceptibility have also been identified, such as ATM, BRCA1,
BRCA2, PALB2, STK11, CDKN2A, PRSS1 and mismatch repair genes (MLH1, MSH2,
MSH6, PMS2)5.

1.3. Symptoms and late diagnosis

PC is usually asymptomatic in early stages, although in some cases it manifests as vague
and nonspecific symptoms (abdominal pain, nausea, vomiting, weight loss, jaundice, and
others), which may mimic common conditions®. Only around 25% of PC patients show
symptoms up to 6 months previous to diagnosis, while only 15% seek medical attention
before this period*.

Due to the mostly absent symptoms, this type of cancer is usually diagnhosed in an
advanced stage (45 to 55% of patients®®) and has usually proliferated to other organs at
the time of diagnosis®.

Besides the absence of symptoms, PC is also difficult to diagnose in early stages due to
unreliability of early tumor markers and localization of the pancreas (hidden in the
retroperitoneum), which increases the difficulty in finding small resectable cancers with

imaging techniques?®.

1.4. Treatment

Currently, surgery is the primary curative treatment for PC, although only 20% of PC
patients present resectable disease!’. Even though this is the only curative treatment, it
presents a 5-year survival rate of 10-25% post-resection?, high morbidity rates, and most

PC patients have cancer recurrence even after tumor removal®’.




For patients with local disease, the treatment includes surgical resection, preoperative or
postoperative chemotherapy, and possibly radiotherapy if necessary. For patients with
borderline or locally advanced PC, treatment begins with chemotherapy, aiming to reduce
the tumor size and allow surgical removal. For patients with metastatic disease, the only
therapeutic options are chemotherapy and supportive care (Fig. 2)*.
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Figure 2: Treatment options for PC patients, depending on tumor resectability and ECOG (Eastern
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Cooperative Oncology Group) performance status of the patient*®.

There have been advances in the immunotherapy field, but it is not applicable to PC yet,
due to the stromal barrier that blocks the infiltration of immune cells. Most clinical trials

with immunotherapy in PC do not show promising results*®.




2. Hallmarks of cancer and cancer cell metabolism

The original hallmarks of cancer, published in 2000, consist in distinctive features that
normal cells acquire allowing them to transform into cancer cells, and included the ability
to resist cell death, induce angiogenesis, enabling replicative immortality, invasion and
metastasis, growth suppressors evasion and sustained proliferative signaling. In 2011, the
cancer hallmarks were updated (“The next generation”) to include the ability to reprogram
energy metabolism and evading immune destruction. In 2022, there was a latest update of
these hallmarks (“New dimensions”) which now include three new features: phenotypic
plasticity and uninterrupted differentiation, epigenetic reprogramming and the

microbiome?%: 21,
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Figure 3: The hallmarks of cancer “New dimensions” (2022)%°.

As previously mentioned, one of the hallmarks of cancer included in 2011 consists in the
deregulation of cellular metabolism, which is fundamental for the transformation of normal

cells into cancer cells, due to the energetic requirements for increased proliferation??,

2.1. Glucose metabolism

Glucose (CsH120¢6) is a sugar obtained from food and may enter the body in many different
forms, such as galactose and fructose?, and can also be released by the body through
gluconeogenesis (production of glucose from non-carbohydrate components like glycerol,
lactate and amino acids) or glycogenolysis (release of glucose by degradation of

glycogen)?*. This sugar is used as an essential energy source for aerobic and anaerobic




respiration and is stored in the liver and muscle tissues in the form of glycogen. Its blood
concentration is mainly controlled by the pancreas, by secretion of the hormones insulin
and glucagon, which promote the storage of glucose in tissues or the release of glucose
to the blood, respectively?*.

In normal cells, energy can be produced from glucose in two ways: by fermentation or
respiration. In both processes, glucose is converted into pyruvate by the glycolytic
process, producing two ATP and NADH molecules in the process. Cells undergo
fermentation mainly in anaerobic situations, like hypoxia. In this process, pyruvate is
reduced into lactate, which is then secreted by the cells. This process results in the
production of two ATP and two lactate molecules per molecule of glucose, and also
regenerates the NAD™ necessary for glycolysis. In respiration, pyruvate is transported into
the mitochondria, where it is used in the oxidative phosphorylation (OXPHOS) process,
producing higher amounts of energy (approximately 36 molecules of ATP per molecule of
glucose)?. This process is the main source of energy production from glucose, accounting
for 70% of the produced ATPZ.

2.1.1. Warburg Effect

In contrast to normal cells, cancer cells suffer a metabolic switch, known as the Warburg
Effect, in which the cells use glycolysis with lactic acid production as the main energy
production mechanism, even in the presence of oxygen (aerobic glycolysis)?2.

When compared to OXPHOS, glycolysis is an inefficient way to produce ATP, with lower
ATP production per unit of glucose. However, glycolysis occurs 10 to 100 times faster than
the complete OXPHOS process. With this, cells with a faster rate of ATP synthesis, but a
lower yield may have a selective advantage when competing in the same environment?,

It is also important to note that in aerobic glycolysis, most of the excess carbon from
glucose is excreted as lactate. This can be quite beneficial for the cancer cells, since this
process, as mentioned previously, not only regenerates the NAD* needed for glycolysis?®,
but also leads to lactate accumulation in the tissue microenvironment, resulting in
enhanced invasiveness®* ?’,

The remaining carbon excess can also be used for the de novo production of lipids,

nucleotides and proteins?®.
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Figure 4: Warburg Effect and differences in the glucose usage between normal and cancer cells?®,

2.1.2. Glucose transport proteins

Glucose is a hydrophilic molecule, so it is not able to travel freely along the cellular
membranes. Thus, transmembrane transporters are required for glucose cellular uptake?®.
These transporters are mainly divided into two categories: sodium-dependent (SGLT) and
sodium-independent transporters (GLUT)®C. SGLTs are able to transport glucose actively
into the cells, against a concentration gradient, while GLUTs transfer glucose along a
concentration gradient®.

The GLUT family is composed for 14 members, but the most important and better-known

glucose transporters are GLUT1-5%,

Transporter Location Properties

(A)

GLUT1 Almost universal High capacity, relatively low K,

GLUT2 Liver, (3-cells, hypothalamus, basolateral High capacity but low affinity (high K,,, 15—20 mM); part of the
membrane of small intestine glucose sensor in 3-cells. Carrier for glucose and fructose in liver

and intestine

GLUT3 Neurons, placenta, testes Low K, (1 mM) and high capacity
GLUT4 Skeletal and cardiac muscle, fat Activated by insulin, K, 5 mM
GLUTS Mucosal surface in small intestine, sperm Primarily fructose carrier in intestine

Figure 5: Main glucose transporters from the GLUT family, its location and properties3L.

GLUT1 is known to be the most widely expressed glucose transporter, maintaining the
basal glucose transport in most cells. Its overexpression has been reported in many
cancer cells, including breast, esophageal, lung, oral squamous cell carcinoma, rectal and

pancreatic cancer, being associated with poor survival®.



In PC, an overexpression of GLUT1 was observed, but it depended on size, stage and
cancer type. GLUT2 is also overexpressed in malignant PC, while downregulated in
neuroendocrine tumors (NETs). GLUT4 is also detected in PC, but it is underexpressed in
these cells in comparison with non-PC cells®,.

2.2. Glutamine metabolism

Glutamine (CsHioN203) is the most abundant non-essential amino acid in our
bloodstream, and even though glucose is the main fuel for most cells in the body, the rate
of glutamine consumption is close to or higher than glucose®*. Because of its high demand
in the body, glutamine is known as a conditionally essential amino acid®, meaning it is
considered a non-essential amino acid, except when endogenous synthesis does not

meet the metabolic needs of the body?®.

In normal cells, glutamine is converted to glutamate, by the enzyme glutaminase (GLS),
and is then converted to a-ketoglutarate, by transamination, entering the tricarboxylic acid
(TCA) cycle for energy production (Figure 6)*. Besides the production of ATP, glutamine

is also used for nucleotide and amino acid synthesis, pH and redox balance, as well as

signaling®®.
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Figure 6: Glutamine metabolic fate in normal cells®’.

2.2.1. Glutamine addiction in cancer cells
Glutamine is a very important amino acid for cancer cells, being mainly used as a carbon

and/or nitrogen source for biosynthetic reactions®*. Some cancer cells are known to




increase their glutamine uptake and become dependent on this amino acid, which is also
known as glutamine addiction®.

Besides the increase in glutamine uptake, cancer cells are also able to synthesize
glutamine from ammonia and glutamate, in nutrient deficiency situations®.

In PC patients, particularly in patients who undergo chemotherapy, glutamine metabolism
is very important since it can directly induce chemoresistance in tumor cells, leading to

treatment failures®.

2.2.2. Glutamine transport proteins

Glutamine is a hydrophilic molecule, and so, similarly to glucose, cannot diffuse into the
cells®. Therefore, glutamine is transported into the cells through membrane transporters.
In total, there are 14 glutamine transporters, belonging to four gene families: SLC1, SLC6,
SLC7 and SLC38%*.

Gene name  Protein name  Amino acid substrates Direction of glutamine flux
SLCI1AS ASCT2 Neutral Influx/Efflux
SLC6A 14 ATBO+ Neutral & Cationic Influx
SLC6A19 BYAT1 Neutral Influx
SLCTAS LAT1 Neutral Influx/Efflux
SLCTA6 y'LAT2 Neutral & Cationic Influx
SLCT7A7 y'LATI Neutral & Cationic Influx
SLC7AS LAT2 Neutral Efflux
SLCTA9 bOtAT Neutral & Cationic Efflux
SLC38A1 SNAT1 (SA2) Neutral Influx
SLC38A2 SNAT2 (SAl) Neutral Influx
SLC38A3 SNAT3 (SN1)  Neutral Influx/Efflux
SLC38AS SNAT5 (SN2)  Neutral Influx/Efflux
SLC38A7 SNAT7 Neutral & Cationic & Anionic  Influx
SLC38A8 SNATS Neutral, Cationic & Anionic Influx

Figure 7: Glutamine transporters in mammalian cells*°,

ASCT1 (SLC1A4) and ASCT2 (SLC1A5) are sodium-coupled transporters for neutral
amino acids, selective for alanine, serine, cysteine, threonine, and glutamine. ASCT2 is
one of the main glutamine transporters in cancer cells, being overexpressed in several
cancers (breast, colon, lung, melanoma, neuroblastoma, glioblastoma and prostate
cancer)®® 40 including PC. It was also demonstrated that the glutamine transporter
SLC6A14 (ATB®") is overexpressed in PC as well®,

2.3. Lactic acid/Lactate metabolism

Up to recently, lactate or lactic acid was manly known as a waste product of the glycolytic

metabolism and its accumulation was often associated with inflammatory diseases and



cancer. Lactate was mainly associated with hypoxic conditions because in the absence of
oxygen, the mitochondria can no longer produce energy, leaving fermentation as the only
metabolic option for the cells?.

However, more recently, it has been shown that, independently of oxygen availability,
lactate is an inevitable product of glycolysis in many non-tumor cells and in a wide range
of noncancerous diseases, such as pulmonary hypertension, pulmonary fibrosis, heart
failure, atherosclerosis, and polycystic kidney disease*!.

Lactate can also be repurposed to produce more glucose, through the process of
gluconeogenesis in the liver during high energy consumption times (e.g. intense physical

activity)*.

Recently, lactate has been recognized as an important part of glucose metabolism, and
not just a waste product of this process. Not only is the concentration of lactate in
circulation higher than any other substance used for energy production, but it has also
been shown that lactate has direct function in organs, being crucial for the production of

energy, acting as the main fuel for the TCA cycle*.

2.3.1. Lactate shuttle in cancer cells

As previously mentioned, glycolysis is increased in cancer cells in aerobic conditions,
leading to an increase in lactate production (Warburg effect). The fast production of lactate
was the first molecular phenotype associated with cancer?.

In the tumor microenvironment, lactate is manly produced and exported by hypoxic cancer
cells, and can then absorbed by normoxic cancer cells, which convert this nutrient into
pyruvate, through the lactate dehydrogenase B (LDH-B) enzyme, feeding the TCA cycle.
This process is also known as the lactate shuttle (Figure 8). This not only increases the
energy produced, but also protects the cancer cells, since the accumulation of lactate is

toxic and can lead to lactic acidosis*:.
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Figure 8: Metabolic Symbiosis between hypoxic and oxygenated cancer cells*?.

2.3.2. Lactate transporter proteins

Lactate is exported from and imported to the cells by using the monocarboxylate
transporters (MCT) from the SLC16 family. In total, there have been 14 MCTs identified,
with MCT1-4 being the most explored and characterized*®. These transported allow the
bidirectional transport of L-lactate, pyruvate and other monocarboxylates through the
membranes*.

MCT1 (SLC16A1) is found in most tissues*, being upregulated in musculoskeletal and
cardiac cells in response to the increased glycolysis in these cells*.

MCT4 (SLC16A3) is the MCT with lowest affinity for lactate, being mainly used for the
export of lactic acid from glycolytic cells*.

In cancer cells, lactate produced by hypoxic cells is exported by the MCT4 transporter,
and then incorporated into oxygenated cancer cells by the MCT1 transporter*!. Therefore,
tumor usually have overexpression of MCT1 and MCT4 transporters. Moreover, tumor
cells may also overexpress MCT2, which normally is mainly expressed in the liver, where
it promotes gluconeogenesis from lactate (Cori cycle), and in the kidney, for the excretion
of lactic acid*.

In PC, MCT1 and MCT4 have been correlated to cancer invasion, while MCT4 is also

associated with cancer cell migration“®,
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3. Dietary Bioactive Compounds

Currently, there is no agreement as to the definition of the term “bioactive compound”,
being considered that it includes compounds that are able to interact with living tissues,
with a wide range of possible effects*’. Dietary bioactive compounds are mainly present in
plant-based foods, including fruits, vegetables and whole grains*.

More than 5000 dietary bioactive compounds have been isolated, including a wide variety
of classes of compounds including alkaloids, nitrogen-containing compounds,
organosulfur compounds, phenolics, phytosterols and carotenoids*. These have shown
multiple health benefits (including autoimmune, cardiovascular, cerebrovascular, and
neurodegenerative diseases, as well as metabolic syndrome and cancer“®) possibly due
to their antioxidant ability, allowing to balance the oxidative stress that promotes the

development of many chronic diseases®.

3.1. Carotenoids

Carotenoids are red, orange and yellow pigments, being one of the most common
pigments in nature. They are produced by both photosynthetic and non-photosynthetic
organisms, like plants, algae, fungi and bacteria. Although animals are not able to produce
carotenoids (except spider mites, gall midges and pea aphids®), they obtain them by
ingestion®2,

The most common carotenoids in human serum are a-carotene, [-carotene, [-

cryptoxanthin, lycopene, lutein and zeaxanthin®2,

Despite the fact that carotenoids are very important for a well-balanced diet, they are not
considered essential nutrients, since their absence is not directly correlated to a specific

disease®*.

Their structure contains 15 conjugated double bonds, and they can be divided in two main
classes: carotenes (pure hydrocarbons) and xanthophylls, which are composed by one or
more oxygenated groups (epoxy, keto, carboxyl, hydroxyl and methoxy), being also known

as oxygenated carotenoids®2.

In this project we are going to treat PC cells with a carotene — B-carotene — and three

xanthophylls — astaxanthin, crocin and fucoxanthin.

12
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Figure 9: Representative image of the carotenoids involved in this project, with their respective chemical
structure and classification (carotenes or xanthophylls). Figure created with Biorender. Chemical structures
obtained from ChemSpider.

Due to their anti-oxidant activityy, many carotenoids have shown important
pharmacological and biological activities, such as anti-aging, osteo-protective, anti-
diabetic, anti-inflammatory and anti-oxidant, cardio-protective, pro-vitamin and

anticancer®.

Most studies (epidemiological and experimental) suggest that carotenoids have a
protective effect in various types of cancer. These compounds were shown to promote
apoptosis, blockade of the cell cycle and metastasis, by modulation of oncogenic and anti-

oncogenic proteins®..

The main explored mechanisms of action of carotenoids are through PI3K/Akt pathway
inhibition, WNT/B-catenin pathway modulation, suppression of metalloproteinases
(MMPs) and suppression of TNF-a, NF-kB and VEGF®®.

3.1.1. Astaxanthin

Astaxanthin is an orange-red xanthophyll carotenoid with a structure alike (3-carotene and
lycopene, found in marine ecosystems, particularly in shrimp, salmon, lobster, and other,
and gives them their pink or orange color by accumulation in body tissues®®. Although

these marine animals do not have the ability to synthesize astaxanthin, they obtain this
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carotenoid from zooplankton (algae and microbes)®’. The source with highest production
of astaxanthin is the microalgae Haematococcus pluvialis®.

This carotenoid was initially approved by the United States Food and Drug Administration
(USFDA) in 1987, being used in aquaculture®®. Currently, astaxanthin is also used in food,

cosmetics and in the nutraceutical industry, showing to be safe for human use®’.

Astaxanthin has been shown to have antioxidant, anti-inflammatory, antiaging and

anticancer effects®® .

Astaxanthin is severely under researched in PC. To the best of my knowledge, the only
evidence of its effect in PC showed that in vitro astaxanthin increases cell death in PC
cells (Panc-1 and HTB-79) resistant to gemcitabine, by enhancing hENT1 and decreasing
RRM1/2 expression, leading to an increase in sensitivity to gemcitabine. In vivo, the same
study showed that astaxanthin induced apoptosis in a gemcitabine-resistant mouse

model, in accordance with the previous in vitro results®.

3.1.2. B-carotene

B-carotene is a carotenoid, particularly a terpenoid, with provitamin A properties. By
oxidative cleavage, it is converted into 2 molecules of vitamin A. This vitamin is essential
for various body functions, including normal development, vision and immune function®°,
This carotenoid is found in a wide variety of fruits and vegetables, giving them an orange-
yellow color. The foods with highest B-carotene concentration are carrot juice, squash,
spinach and orange sweet potatoes®!. Most people consume a daily dose of B-carotene of

approximately 1-2 mg, but this intake varies widely in the population®®.

B-carotene, like most carotenoids, has antioxidant properties which might contribute to a
decrease in chronic disease risk, such as cancer, diabetes and cardiovascular diseases.
This carotenoid is also detected in the skin, absorbing UV light and protecting against

damages caused by photooxidation®?,

To the best of our knowledge, there are no published articles testing B-carotene in PC
cells, but it was tested in hamster models for pancreatic carcinogenesis. It was found that
B-carotene promoted a reduction in hyperplasia areas, carcinomas and total ductal
lesions, at a concentration of 25 ppm, which corresponds to 0.3 mg per day®. Other

researchers have found that 3-carotene promoted a significant decrease in the number of
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early ductal complexes and in the number of carcinomas, when the animals were

supplemented with 56 mg/kg of B-carotene®.

3.1.3. Crocin

Crocins are a family of carotenoids composed of mono- or di-glycosyl polyene esters of
crocetin. They are mainly found in the stigmas of Crocus sativus, mainly known as saffron,
being its main color pigment®.

It has been used as a spice and food colorant and has been shown to be safe in
pharmacological doses, causing no damage to organs®®.

Crocin has shown to have antioxidant, antidepressant, anti-ischemia and anticancer

effects, as well as protective effects in the kidney, heart and skeletal muscle®®.

In PC BxPC-3 cells, crocin was shown to decrease cell viability and to induce apoptosis
and cell cycle arrest®’. In another study, it was shown to inhibit lipid peroxidation, decrease
cell viability and induce apoptosis in BXPC-3 and Capan-2 cells®. Finally, in vivo, crocin
promoted a 52% reduction in the pancreatic tumor volume in female athymic nude mice
(NCR nu/nu)®.

3.1.4. Fucoxanthin

Fucoxanthin is a marine xanthophyll carotenoid, present in macro and microalgae
chloroplasts®® 7°, This carotenoid is particularly abundant in brown seaweeds and is used
in herbal medicines and dietary supplements, worldwide®. Fucoxanthin is one of the most
abundant carotenoids, accounting for more than 10% of total carotenoid in nature .

In humans, fucoxanthin is metabolized mainly into fucoxanthinol, as this is the only
metabolite found in plasma (although it might be converted into other metabolites inside

organs and tissues)™.

Fucoxanthin has shown anti-inflammatory, antioxidant and anticancer effects, and
protection against cardiac, diabetic, hepatic, kidney, microbial, nervous system, obesity

and respiratory diseases®.

In PC, fucoxanthin promoted a decrease in cell viability, in combination with the
chemotherapeutic drug gemcitabine, showing a synergetic effect in the MIA PaCa-2 cell
line”. In vivo, this carotenoid decreased the pancreatic tumor size in C57BL/6J mice,
mainly by the attenuation of BTLA and the CCL21/CCR7 axis”®. Fucoxanthinol, the main
fucoxanthin metabolite”, induced apoptosis in PC cell lines KMPC44"* and DLD-1 cells™,

promoted a decrease in cell growth in KMPC44 cells, suppressed the FAK/Paxillin,

15



PI3K/Akt and MAPK signaling pathways’#, while stimulating the growth of PANC-1 cells™.
However, it is important to note that the cytotoxicity results from the study with PANC-1
cells are not fully trustworthy, since the MTT assay was used without accounting for the
natural color of fucoxanthin, which might hinder the results of this colorimetric assay.
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3.2. Polyphenols

Polyphenols are secondary metabolites produced by plants in response to stress and
pathogens. These are mainly present in fruits, vegetables, cereals, coffee, tea, cocoa and
others’®, with an average consumption of approximately 1g/day per person’’.

The structural characteristic of polyphenols is the presence of one or more phenolic units,
which can be associated with several carbohydrates or organic acids. These compounds
are mainly divided into two major categories: flavonoids (containing two phenol rings
connected by an oxygenated heterocycle) and non-flavonoids (containing only one phenol
ring). Flavonoids are then classified into the subclasses flavonols, flavones, flavanols,
flavanones, isoflavanones and anthocyanidins, and the non-flavonoids into phenolic acids,

lignans and stilbens, according to their molecular structure’® 8,
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Figure 10: Representative image of the polyphenols involved in this study, with their respective chemical
structure and classification (flavonols, flavones or isoflavones). Figure created with Biorender. Chemical
structures obtained from ChemSpider.

In this project we are going to treat PC cells with the flavonoids chrysin (a flavone),

genistein (an isoflavone), kaempferol and quercetin (two flavonols).

Polyphenols have been shown a protective effect against cardiovascular diseases,
diabetes, lung damage, gastrointestinal problems, pancreatitis, neurodegenerative

diseases and some cancers™.

The main mechanism of polyphenols is the inhibition of reactive oxygen species

generation and lipid peroxidation, leading to a reduction in oxidative stress. Polyphenols
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also act against cancer through inhibition of NF-kB transcription factor (responsible for
inflammation regulation and cell growth and survival), inhibition of pro-inflammatory
enzymes (such as COX2, that increases cell proliferation and angiogenesis) and
modulation of PI3K/Akt activity®®.

3.2.1. Chrysin

Chrysin (5,7-dihydroxyflavone) is a flavone mainly found in honey and propolis, but also in
some fruits and plants used in traditional medicine®°.

In humans, its main metabolites are chrysin-7-glucuronide and chrysin-7-sulfate. Despite
chrysin being a compound with low bioavailability, with a peak plasma concentration of 3-
16 ng/mL, its metabolites, particularly chrysin-7-sulfate, can reach plasma concentrations
of 450-4220 ng/mL8,

Chrysin has shown various biologic effects, including antioxidant, anti-anxiety, antiviral,

hepatoprotective, neuroprotective and anticancer®®,

In PC, chrysin was shown to decrease in vitro cell viability of various PC cell lines®? &, to
increase cancer cell sensitivity to gemcitabine (both in vitro and in vivo)®® and to induce
apoptosis in the MIA PaCa-2 cell line®2. In vivo, this polyphenol induced pancreatic tumor

growth reduction in a mouse xenograft model®?.

3.2.2. Genistein

Genistein (4', 5, 7-trihydroxyisoflavone) is an isoflavone, present in broccoli, cauliflower,
clover sprouts, and mainly in soy-containing foods (soy powder, soy milk, tofu and soy
beans and nuts). The foods with the highest content in genistein are fermented foods like
miso and natto®,

Genistein is extensively metabolized in humans, with a plasma level of total genistein in
the micro molar range. The main metabolites of genistein are glucuronides (78%) and

sulfates (20%), with main accumulation in the gastrointestinal tract and liver®.

This compound, as much other natural bioactive compounds, has shown antioxidant, anti-

inflammatory, antibacterial and antiviral, antidiabetic and anticancer properties®*.

In relation to PC, a few studies were previously conducted. Genistein was shown to
decrease cell growth® and induce apoptosis, in various PC cell lines (PANC-1, Mia-
PaCa2, AsPC-1, BxPC-3, PANC-28 and others)®”®, It was also shown to promote a

decrease in colony formation®® & and cell migration®-28 as well as a decrease in NF-kB
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DNA binding® 1, even though Mouria et al. observed that genistein had no effect on NF-
KB activation in the Mia-PaCaz2 cell line®2.

Treatment with genistein resulted in a decreased expression of miR-223 in gemcitabine-
resistant AsPC-1 and BxPC-3 cells, reverting the epithelial-to-mesenchymal phenotype
and improving chemotherapeutic drug sensitivity®, as well as an increase in miR-34a in
the AsPC-1 and Mia-PaCa2, which promoted cell growth suppression by downregulation
of the Notch-1 signaling pathway?®8. This effect in Notch-1 was also reported by Wang et
al. in the BxPC-3 cell line®.

Additionally, genistein was found to induce some other effect in PC cell lines, such as
downregulation of FOXM1%, inhibition of the STAT3 pathway, as well as some targets of
this pathway (survivin, cyclin D1 and ALDH1A)®, reduction in MMPs®"8 and VEGF®°, and

promoted mitochondrial apoptosis, mediated by ROS?’.

3.2.3. Kaempferol

Kaempferol (3,4’,5,7-tetrahydroxyflavone) is a yellowish flavonoid found in many edible
plants, such as tea, cabbage, broccoli, and kale, and also in plants used in traditional
medicine® %, This compound is absorbed in the small intestine, suffering metabolic
transformations in the liver. Its main metabolites are glucuronides and sulfoconjugates,

mainly known as kaempferol glycosides®.

Kaempferol and its metabolites have shown antioxidant, antidiabetic, anti-inflammatory,

anti-microbial, neuro and cardio protective, and anticancer properties®*,

In relation to PC, kaempferol induced apoptosis in the MIA PaCa-2, PANC-1 and BxPC-3
PC cell lines®°, and inhibited cell growth and proliferation of the same cell lines and also
of the SNU-123 cell line®. It was also shown to inhibit migration, invasion®” and colony
formation in vitro (PANC-1, MIA PaCa-2 and BxPC-3 cell lines) % °°, The mechanism of
action of kaempferol in PC is still unknown, but it has been shown to inhibit the Akt,
ERK1/2 and Scr signaling pathways®"°.

In vivo, kaempferol (100 mg/kg) decreased pancreatic tumor growth (including tumor

weight and volume)®.

3.3.4. Quercetin

Quercetin (3,3',4'5,7-pentahydroxyflavone) is a flavonol naturally occurring in many fruits
and vegetables, such as apples, cherries, onions, peppers, but also in other foods like
wine and green tea, being mostly present as quercetin glycosides. The main source of

guercetin in the human diet is onions, which contain quercetin-3,4’-diglucoside and
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quercetin-4’-glucoside!®. The average daily amount of quercetin ingested by humans is
25 mg, but this flavonol has a low bioavailability due to its limited water-solubility®°:.
Quercetin is also used as a dietary supplement, mainly as quercetin aglycone with
recommended daily doses of up to 1 g, but most commonly 500 mg*®,

Quercetin has shown antioxidant, anti-inflammatory, anticancer and gastroprotective
effects, while also modulating the activity of various enzymes and promoting the decrease

in apoptosis!®,

In PC, quercetin promoted a decrease in cell proliferation or growth in various PC cell
lines®% 103111 "in a concentration- and time-dependent manner?4, In vivo, studies have
also shown reduction in tumor cell proliferation and tumor growth®% 107: 109 112115 - Haowever,
some studies showed no effect of quercetin on PC cell proliferation (in MIA PaCa-2,
CFPAC-1, Panc-1, and SNU-213 cells)t 116,

In terms of apoptosis, quercetin induced this process in PANC-1, PATU8988, BxPC-3 and
MIA PaCa-2 cells, in various studies04 108 112 114: 115 "whjle having no effect on PATU8988
cells®’. In vivo, quercetin induced apoptosis in the pancreatic tumor tissue of mice® 1%
15 Quercetin was also shown to promote an increase in activity of apoptosis-related
proteins like caspase-3% 1 and 9, Bak™® and PARP®?, while decreasing the activity of
anti-apoptotic proteins like Bcl-XL8,

As for cell cycle, quercetin was shown to arrest cell cycle on G2/M phase!®® (in BxPC-3
and MIA PaCa-2 cells) and on S-phase, while also promoting a decrease in cyclin D1 and
an increase in p53 (in PANC-1 cells)™.

Quercetin also promoted a decrease in cell migration and invasion in vitro105 106 108; 112; 113;
115 "and a reduction in metastasis development in vivo'2, This effect might be related to
the ability of quercetin to decrease MMPs expression (particularly MMP2 and MMP7), but
also to an inhibitory effect on STAT3 pathway%.

It is still unknown how quercetin acts in PC, but it has been shown that this flavonol acts
as an antagonist of the sonic hedgehog (SHH) signaling and TGF-B/Smad signaling,
leading to inhibition of the epithelial-mesenchymal transition (EMT), and to a decrease in
cell proliferation, migration and invasion!?. It has also been shown to activate TRAIL-
induced apoptosis via JNK activation!’.

Additionally, it was demonstrated that quercetin promoted a decrease in IL-6, IL-81°,
RAGE! (associated with inflammation) and LC3-Il protein expression'® (associated with
autophagy), and decreased cancer stem cell markers (particularly EpCAM, Nanog and

Twist2)7. Quercetin also inhibited NF-kB% 15, and suppressed hnRNPA1'% (associated
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with tumor progression). Finally, one of quercetin metabolites — quercetin 3-O-glucoside —
caused inhibition of the ERK signaling pathway'° and EGFR signaling pathway***.
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Chapter Il — Aims

Considering the importance of metabolic reprogramming in cancer cells and the burden of

PC, the aim of this project was to determine the effect of various carotenoids and

polyphenols upon nutrient uptake by PC cell lines.

Thus, our specific aims were to:

1.

Determine the effect of the carotenoids astaxanthin, B-carotene, crocin and
fucoxanthin on the uptake of glucose, lactic acid and glutamine, in two PC cell
lines (AsPC-1 and PANC-1).

Determine the effect of the polyphenols chrysin, genistein, kaempferol and
guercetin on the uptake of glucose, lactic acid and glutamine, in two PC cell lines
(AsPC-1 and PANC-1).

Determine the effect of selected carotenoids/polyphenols on nutrient transporter
gene expression (GLUT1, ASCT2 and MCT1) by RT-qPCR.

Evaluate the cytotoxic effect of selected carotenoids/polyphenols using the MTT

assay.

Investigate inhibition of nutrient uptake as a potential mechanism of action
involved in the cytotoxic effect of the selected carotenoids/polyphenols, using
nutrient transport protein inhibitors (BAY-876, GPNA and NPPB).
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Chapter Ill — Material and Methods

1. Materials

3H-2-deoxy-D-glucose (*H-DG; specific activity 60 Ci/mmol); *H-lactic acid (specific activity
15 Ci/mmol); °*H-L-glutamine (L-[2,3,4-3H]; specific activity 60 Ci/mmol) (American
Radiolabeled Chemicals Inc., St Louis, MO, USA). Chloroform; 2-propanol; D-glucose;
potassium dihydrogen phosphate (KH2POj4); sodium bicarbonate (NaHCO3); Triton X-100;
(Merck, Darmstadt, Germany). Dipotassium phosphate (K:HPO.) (BDH Laboratory
Supplies, Poole, UK). DMEM medium (PAN-Biotech, Aidenbach, Germany). L-y-Glutamyl-
p-nitroanilide hydrochloride (GPNA) (ChemCruz, Santa Cruz Biotechnology, Dallas, TX,
USA). NYZol (NZYtech, Lisbon, Portugal). gScript cDNA SuperMix (Quanta Biosciences,
Gaithersburg, MD, USA). BAY 876 (Tocris Bioscience, Bristol, UK). KAPA SYBR® FAST
gPCR Master Mix (Kapa Biosystems, Wilmington, MA, USA). 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT); 5-nitro-2-(3-phenylpropylamino)benzoic acid
(NPPB); antibiotic/antimycotic solution (100 U/mL penicillin, 100 pg/mL streptomycin, and
0.25 pg/mL amphotericin  B); astaxanthin; [p-carotene; chrysin; crocin; diethyl
pyrocarbonate (DPEC); dimethyl sulfoxide (DMSO); fetal bovine serum (FBS);
fucoxanthin; genistein; kaempferol; L-glutamine; N-2 hydroxyethylpiperazine-NO-2-
ethanesulfonic acid (HEPES); quercetin; RPMI 1640 medium; sodium pyruvate; trypsin—
ethylenediaminetetraacetic acid (EDTA) solution (Sigma, St. Louis, MO, USA). DNAse |,
RNAse H (Thermo Fisher, Waltham, MA, USA).

2. Cell culture

The AsPC-1 cell line is a PC cell line with high metastatic potential, initiated from cells
derived from ascites of a 62-year-old woman with PC%0,

The PANC-1 cell line is a PC cell line with low metastatic rate, isolated from the pancreatic
duct of a 56-year-old man with adenocarcinoma??*.

Both cell lines were obtained from American Type Culture Collection (ATCC) and used
between passages 7-35 (AsPC-1) and 13-26 (PANC-1).

Cells were maintained in a humidified atmosphere of 95% air and 5% CO». Culture
medium was changed every 2-3 days, and the culture split every 5-6 days in a 1:3 ratio
(AsPC-1 cell line) or every 4-5 days in a 1:4 ratio (PANC-1 cell line).

AsPC-1 cells were grown in RPMI 1640 medium supplemented with 10 mM sodium
bicarbonate, 2 mM L-glutamine, 0.01 mM sodium pyruvate, 25 mM HEPES, 10% heat-

inactivated FBS and 1% antibiotic/antimycotic solution.
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PANC-1 cells were grown in DMEM medium with 4.5 g/L glucose, supplemented with 2
mM L-glutamine, 10 mM sodium bicarbonate, 10% heat-inactivated FBS and 1%
antibiotic/antimycotic solution.

For sub-culturing, cells were removed enzymatically (0.25% trypsin-EDTA, 3 min at 25°C,
5 min at 37°C for AsPC-1 and 2 min at 25°C, 2 min at 37°C for PANC-1) and sub-cultured
in new plastic flasks (25 cm?; TPP®, Trasadingen, Switzerland).

For nutrient uptake assays, cells were seeded on 24-well culture plates (2 cm?; @ 16 mm;
TPP®) and used at 100% confluence (Fig. 11 and 12). For RNA extraction, cells were
seeded on 21 cm? plates (TPP®) and were also used at 100% confluence. For the MTT
assay, cells were seeded on 96-well culture plates (0.32 cm?; @ 6.4 mm; TPP®) and used
at 90% confluence.

Figure 12: Representative microscope images of PANC-1 flasks with 100%

confluence, taken with 4x (A) and 10x (B) magnification.
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3. Cell treatments

In this study, we tested several carotenoids (astaxanthin, (-carotene, crocin and
fucoxanthin) and polyphenols (chrysin, genistein, kaempferol and quercetin) in the
following concentrations: 0.1, 1 and 10 uM. Cells were exposed to these compounds or
solvents for 24h, in FBS-free culture medium.

Astaxanthin, p-carotene, chrysin, genistein, kaempferol and quercetin were dissolved in
DMSO, crocin in H,O and fucoxanthin in ethanol. The final concentration of these solvents
in culture medium is 1% (v/v). Controls for these compounds contained the same amount

(1% (v/v)) of the respective solvents.

4. Nutrient incorporation assays

After treatment of the cells (24h), the culture medium was discarded, and the cells were
washed with 300 pL glucose-free HEPES buffered saline (GF-HBS; composition in mM:
140 NaCl, 5 KCI, 20 HEPES, 2.5 MgCl,, 1 CaCly; pH 7.4) at 37 °C.

Then, cells were pre-incubated for 20 min with GF-HBS and the carotenoids/polyphenols
in the concentrations previously mentioned, at 37°C.

After removal of the pre-incubation medium, the nutrient uptake begun with the addition of
200 pL GF-HBS buffer containing 10 nM 3*H-2-deoxy-D-glucose (®*H-DG), 5 nM 3°H-
glutamine (®H-GLN) or 10 nM 3H-lactic acid (®*H-L). The incubation was stopped after 6
min (*H-DG and *H-GLN) or 3 min (®H-L) by removing the medium and washing the cells
with 500 pL ice cold GF-HBS buffer. Cells were then solubilized with 300 pL 0.1% (v/v)
Triton X-100 and left overnight at 4°C.

For 3H-GLN uptake assay, besides the GF-HBS in the previous nutrient uptake assays,
we also used GF-HBS with NaCl replaced by LiCl, in order to determine the sodium-
independent component of *H-GLN uptake.

The ideal incubation periods with *H-DG and *H-GLN were previously determined for the
AsPC-1 cell line by our group*?> — 6 min. The same incubation time was used with the
PANC-1 cell line.

For °H-L incorporation assays, we initially determined the time-course of its uptake by the
AsPC-1 cell line, by measuring the uptake at 1, 5, 10, 15, 30 and 60 min, in order to
determine the ideal incubation time. From this experiment, we concluded that the ideal
period of incubation of the cells with *H-L is 3 min. The same incubation time was used
with the PANC-1 cell line.

When treated, cells were exposed to drugs not only for the 24h before the experiment, but
also during the pre-incubation and incubation periods.

The intracellular radioactivity was determined by liquid scintillation counting (LKB Wallac

1209 Rackbeta, Torku, Finalnd), and the results normalized for total protein content.
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5. RNA extraction and RT-qPCR

Total RNA was extracted from AsPC-1 cells after chronic treatment with crocin or chrysin
(10 uM), using NZYol® isolation reagent, according to the manufacturer’s instructions.

The extracted RNA was treated with DNAse | and the resulting DNA-free RNA was
reverse transcribed using qScript cDNA SuperMix, according to manufacturer’s
instructions. The cDNA obtained from the previous reactions was then treated with RNase
H, in order to degrade unreacted RNA.

For real-time gPCR (RT-gPCR) we used the transcription reaction mixture, and the PCR
was carried out with a LightCycler® 96 (Roche, Nutley, NJ, USA). Ten uL reactions were
set up in 96-well plates using GLUT1, ASCT2, MCT1 or B-actin primers (Table 1), and 5
uL of KAPA SYBR® FAST qPCR Master Mix, according to the manufacturer’s instructions.
Cycling conditions are shown in Table 2. The fluorescence was measured in a single
measurement at the end of the 72°C period.

The cycling program is followed by a melting curve program [(annealing temperature +
10°C) for 15s and 75°C with a heating rate of 0.1°C /s and continuous fluorescence
measurement] and a cooling step to 40°C.

MRNA expression levels were analyzed using LightCycler analysis software (Roche,
Germany). The amount of GLUT1, ASCT2 and MCT1 mRNA was normalized to the

amount of mMRNA of B-actin (housekeeping gene).

Table 1: Primer sequences and annealing temperature (AT) for real time RT-gPCR.

Target
Primer sequence (5’-3’) AT (°C)
transporter

GLUTL Forward: GAT GAT GCG GGA GAA GAA GGT 50
Reverse: ACA GCG TTG ATG CCA GAC AG

Forward: TGG TCT CCT GGATCATGT GG
ASCT2 65
Reverse: TTT GCG GGT GAA GAG GAAGT

MCTL Forward: CAC CGT ACAGCAACT ATACG o5
Reverse: CAATGG TCG CCT CTT GTAGA

B-acti Forward: AGA GCC TCG CCT TTG CCG AT o5
-actin
Reverse: CCATCACGC CCTGGTGCCT




Table 2: Protocol time, temperature and cycle repeat for RT-gPCR.

_ Protocol Cycle
PCR cycling step | Temperature (°C) ,
run time repeat
Denaturation 95 5 min 1
Denaturation 95 10s
Annealing AT (Table 1) 10s 50
_ 65 10s
Extension
72 10s

6. Cell viability — MTT assay

MTT is a salt that, in the presence of metabolically active cells, is reduced into formazan
crystals that present a purple color. Thus, we spectrophotometrically determined the
guantity of formazan formed when cells were exposed to MTT, which is proportional to the
number of cells with active mitochondria.

After AsPC-1 cell treatment (24h), 10 yuL of MTT solution (5 mg/mL) were added to the
culture medium and cells were incubated for 2h.

After the incubation period, the culture medium was removed, and cells were solubilized in
200 pL of DMSO.

To determine the absorbance values specific to formazan crystal, we measured the
absorbance at 550 nm and subtracted it by the absorbance at 650 nm (corresponding to

unspecific light absorption).

In this assay, the effect of nutrient transport protein inhibitors, hamely BAY-876 (2.5 uM),
GPNA (1 mM) and/or NPPB (0.5 mM), in combination with chrysin or crocin (10 uM), was
also tested. In these experiments, these inhibitors were present for the period of AsPC-1
cell treatment (24h).

7. Protein determination
The protein content of the cell monolayers was determined as described!?, using human

serum albumin as standard.

8. Calculation and Statistics

Results are expressed as arithmetic means with standard error of the mean (SEM). The
value of n indicates the number of replicates of at least two different experiments. To
determine the statistical difference between two groups, we used the Student’s t test,

considering the differences statistically significant when p<0.05. To determine the
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difference between three or more groups, we used the one-way ANOVA test, followed by
the Turkey’s multiple comparisons test. Analyses were done using the GraphPad Prism
version 8.0.1 software (San Diego, CA, USA).

8.1. Time-course analysis

For the 3H-L uptake time-course analysis, we suited the following equation to the

experimental data by a non-linear regression analysis.

kin

A=

X (1 - ekt

In this equation, A(t) represents the accumulation of *H-L at the incubation time t, and kin

and ko the rate constants of inward and outward transport, respectively.
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Chapter IV — Results

1. Effect of carotenoids and polyphenols on nutrient uptake
1.1. Time-course of *H-L incorporation

Before investigating the effect of compounds on 3H-L uptake, we determined the time-
dependency of accumulation of this nutrient in AsPC-1 cells.

As shown in Figure 13, the incorporation of *H-L in cells is time-dependent and shows a
linear relationship in the first 3 min of incubation. This information led us to conclude that a

3 min incubation time is the most appropriate for further experiments.
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Figure 13: Time-course of 3H-L uptake by AsPC-1 cells. Cells were incubated at 37°C with 10 nM 3H-L for
1, 5, 10, 15, 30 and 60 min. Results are presented as pmol mg protein with arithmetic means + SEM (n=6-7).
kin: rate constant of inward transport; kou: rate constant of outward transport; Amax: accumulation at steady
state (t—).

Next, we tested the effect of carotenoids (astaxanthin, B-carotene, crocin and fucoxanthin)
and polyphenols (chrysin, genistein, kaempferol and quercetin) in *H-L, *H-DG and 3H-
GLN uptake, using the AsPC-1 and PANC-1 cell lines.
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1.2. Effect of carotenoids on *H-L, *H-DG and *H-GLN incorporation

To determine the effect of carotenoids on *H-L and *H-DG incorporation, AsPC-1 and
PANC-1 cells were treated with astaxanthin, 3-carotene, crocin and fucoxanthin (0.1-10
uM) for 24h, and then incubated with the radiolabeled nutrients for 3 min or 6 min,

respectively.

As shown in Fig. 14, there was a decrease in *H-L uptake in AsPC-1 cells treated with
crocin (1 uM; Fig. 14C) and fucoxanthin (0.1, 1 and 10 pM; Fig. 14D). Astaxanthin and [3-
carotene (Fig. 14A-B) had no significant effect in this cell line. Overall, fucoxanthin was
the carotenoid with highest effect on *H-L uptake in the AsPC-1 cell line.

As for PANC-1 cells, astaxanthin (10 pM; Fig. 14A) decreased 3H-L uptake, and no

significant effect was observed with 3-carotene, crocin and fucoxanthin (Fig. 14B-D).
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Figure 14: Effect of carotenoids on H-L uptake by AsPC-1 and PANC-1 cells. After 24h exposure to the
compounds (0.1, 1 and 10 uM) or solvent, cells were preincubated for 20 min, followed by an incubation for 3
min with 10 nM 3H-L (n=6-8). Results are presented as pmol/mg of protein (% of control) with arithmetic
means + SEM. *Significantly different from control (p<0.05). *Significantly different from control (p<0.01).
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As for the *H-DG uptake (Fig. 15), in the AsPC-1 cell line, crocin (0.1, 1 and 10 puM; Fig.
15C) promoted a decrease, while fucoxanthin (0.1 uM; Fig. 15D) increased the uptake of
this nutrient. In contrast, astaxanthin and -carotene (Fig. 15A-B) had no significant effect
on the uptake of *H-DG uptake in this cell line. Altogether, crocin was the carotenoid with
highest effect on *H-DG uptake, in the AsPC-1 cell line.

In the PANC-1, none of the tested carotenoids had a significant effect on *H-DG uptake.
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Figure 15: Effect of carotenoids on *H-DG uptake by AsPC-1 and PANC-1 cells. After 24h exposure to the
compounds (0.1, 1 and 10 pM) or solvent, cells were preincubated for 20 min, followed by an incubation for 6
min with 10 nM 3H-DG (n=6-8). Results are presented as pmol/mg of protein (% of control) with arithmetic
means + SEM. *Significantly different from control (p<0.05). **Significantly different from control (p<0.01).
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To determine the effect of the carotenoids on *H-GLN uptake, both cell lines were

incubated with the nutrient for 6 min, in the presence and absence of sodium.

In the AsPC-1 cell line (Fig. 16), of all the carotenoids tested, only 3-carotene significantly
decrease the total ®*H-GLN uptake by the cells (1 uM; Fig. 16B). As for the 3H-GLN
sodium-independent uptake, the carotenoids had no significant effect in this cell line (Fig.
16). Astaxanthin was the only carotenoid that promoted a significant decrease in the
sodium-dependent uptake of *H-GLN (Fig. 16A).
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Figure 16: Effect of carotenoids on °H-GLN uptake (total, Na*-independent and Na*-dependent) by
AsPC-1 cells. After 24h exposure to the compounds (0.1, 1 and 10 uM) or solvent, cells were preincubated
for 20 min, followed by an incubation for 6 min with 5 nM ®H-GLN (n=6). Results are presented as pmol/mg of
protein (% of control) with arithmetic means + SEM. *Significantly different from control (p<0.05).

**Significantly different from control (p<0.01).
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In the PANC-1 cell line (Fig. 17), astaxanthin, in all tested concentrations, had no overall
effect on *H-GLN uptake (Fig. 17A). B-carotene promoted an increase in *H-GLN total
uptake (1 uM), in *H-GLN sodium-independent uptake (10 uM) and in *H-GLN sodium-
dependent uptake (1 pM) (Fig. 17B). Crocin promoted an increase in *H-GLN sodium-
independent uptake (0.1 uM; Fig. 17C). Finally, fucoxanthin promoted a decrease in both
total *H-GLN uptake (0.1 and 1 pM) and sodium-dependent ®H-GLN uptake (0.1 and 1
uM) (Fig. 17D).

Overall, B-carotene and fucoxanthin were the carotenoids with highest effect on *H-GLN
uptake in the PANC-1 cell line.
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Figure 17: Effect of carotenoids on °H-GLN uptake (total, Na* independent and Na* dependent) by
PANC-1 cells. After 24h exposure to the compounds (0.1, 1 and 10 uM) or solvent, cells were preincubated
for 20 min, followed by an incubation for 6 min with 5 nM 3H-GLN (n=6). Results are presented as pmol/mg of
protein (% of control) with arithmetic means + SEM. *Significantly different from control (p<0.05).

**Significantly different from control (p<0.01).
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1.3. Effect of polyphenols on *H-L, ®H-DG and *H-GLN incorporation

Next, we determined the effect of polyphenols on *H-L, *H-DG and *H-GLN incorporation
by AsPC-1 and PANC-1 cells. After a 24h treatment with chrysin, genistein, kaempferol
and quercetin (0.1-10 uM), the cells were then incubated with the radiolabeled nutrients in
the conditions previously described (3 min for *H-L and 6 min for *H-DG and 3H-GLN).

Most polyphenols, particularly chrysin, genistein and kaempferol, had no significant effect
on both AsPC-1 and PANC-1 °H-L uptake (Fig. 18A-C). The only polyphenol that
promoted a significant increase in *H-L uptake was quercetin, in the lowest concentration
tested (0.1 pM; Fig. 18D).
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Figure 18: Effect of polyphenols on 3H-L uptake by AsPC-1 and PANC-1 cells. After 24h exposure to the
compounds (0.1, 1 and 10 pM) or solvent, cells were preincubated for 20 min, followed by an incubation for 3
min with 10 nM 3H-L (n=6). Results are presented as pmol/mg of protein (% of control) with arithmetic means
+ SEM. *Significantly different from control (p<0.05). **Significantly different from control (p<0.01).
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As for *H-DG uptake, chrysin was the only polyphenol that had significant effects on the
AsPC-1 cell line, by promoting a significant decrease in the incorporation of this nutrient (1
and 10 uM; Fig. 19A). Genistein, kaempferol and quercetin had no effect on *H-DG uptake

on AsPC-1 cells (Fig. 19B-D).

In the PANC-1 cell line, genistein promoted a significant decrease in *H-DG uptake in the
highest concentration tested (10 uM; Fig. 19B), while kaempferol (1 and 10 pM; Fig. 19C)
and quercetin (1 uM; Fig. 19D) promoted a significant increase in the uptake of this
nutrient. Chrysin had no significant effect on *H-DG uptake by this cell line (Fig. 19A).
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Figure 19: Effect of polyphenols on ®H-DG uptake by AsPC-1 and PANC-1 cells. After 24h exposure to
the compounds (0.1, 1 and 10 pM) or solvent, cells were preincubated for 20 min, followed by an incubation
for 6 min with 10 nM 3H-DG (n=6). Results are presented as pmol/mg of protein (% of control) with arithmetic
means + SEM. *Significantly different from control (p<0.05). **Significantly different from control (p<0.01).

37



In relation to *H-GLN uptake, most polyphenols showed no effects in the AsPC-1 cell line
(Fig. 20). Particularly, genistein and kaempferol (Fig. 20B-C) had no effect on total,
sodium-dependent and sodium-independent *H-GLN uptake. Chrysin also had no effect
on *H-GLN total and sodium-independent uptake, but decreased sodium-dependent 3H-
GLN uptake in the highest concentration tested (10 puM; Fig. 20A). Quercetin was the
polyphenol with the most marked effect on *H-GLN uptake, in the AsPC-1 cell line, by
promoting a decrease in total and sodium-dependent *H-GLN uptake (0.1 puM), while

increasing sodium independent uptake (0.1 and 1 uM) (Fig. 20D).
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Figure 20: Effect of polyphenols on ®H-GLN uptake (total, Na* independent and Na' dependent) by
AsPC-1 cells. After 24h exposure to the compounds (0.1, 1 and 10 uM) or solvent, cells were preincubated
for 20 min, followed by an incubation for 6 min with 5 nM 3H-GLN (n=4-6). Results are presented as pmol/mg
of protein (% of control) with arithmetic means + SEM. *Significantly different from control (p<0.05).

**Significantly different from control (p<0.01).
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Finally, in the PANC-1 cell line, kaempferol promoted a decrease in *H-GLN total uptake
(1 uM; Fig. 21C), while genistein promoted an increase in sodium-independent *H-GLN
uptake (1 and 10 pM; Fig. 21B). Quercetin promoted a similar effect in both AsPC-1 and
PANC-1 cell lines, promoting a decrease in total and sodium-dependent *H-GLN uptake,
while increasing the sodium-independent uptake (Fig. 20D and 21D). Chrysin had no
effect on *H-GLN uptake by this cell line (Fig. 21A).
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Figure 21: Effect of polyphenols on ®H-GLN uptake (total, Na* independent and Na' dependent) by
PANC-1 cells. After 24h exposure to the compounds (0.1, 1 and 10 uM) or solvent, cells were preincubated
for 20 min, followed by an incubation for 6 min with 5 nM ®H-GLN (n=6). Results are presented as pmol/mg of
protein (% of control) with arithmetic means + SEM. *Significantly different from control (p<0.05).

**Significantly different from control (p<0.01).

Thus, from this set of experiments, we concluded that the polyphenols tested have
essentially no effect on lactic acid cellular uptake, in both cell lines. We can also conclude
that chrysin and quercetin were the polyphenols with highest effects on AsPC-1 cell line.
Chrysin was the polyphenol with the lowest effect on PANC-1 cells. Quercetin was the

only polyphenol that showed similar results in *H-GLN, in both cell lines.

39



2. Effect of crocin and chrysin on mRNA levels of nutrient transporters
(GLUT1, ASCT2 and MCT1)

Further assays were performed with the compounds (one carotenoid and one polyphenol)
that presented the most interesting effects in the nutrient uptake assays, namely crocin
and chrysin.

To investigate if crocin and chrysin interfere with the transcription rates of the nutrient
transporter proteins GLUT1, ASCT2 and MCT1, we determined their effects on the mRNA
levels of these nutrient transporter proteins. For this, we isolated the mRNA from AsPC-1
cells treated with 10 pM of crocin and chrysin. Then, a qRT-PCR was performed with
GLUT1 and ASCT?2 as targets for the chrysin treated cells, and GLUT1 and MCT1 as

targets for the crocin treated cells.

As observed in Fig. 22, there were no significant differences in nutrient transporter protein
expression. Therefore, we determined that crocin and chrysin were not promoting a

decrease in nutrient uptake by targeting the synthesis of the nutrient transporter proteins.
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Figure 22: Effect of crocin (A) and chrysin (B) on GLUT1, MCT1 and ASCT2 mRNA levels in AsPC-1
cells. After a 24 h treatment with crocin 10 uM (A), chrysin 10 uM (B) or solvent (control), mRNA levels were
quantified with RT-gPCR (n=4-6). Data were normalized to the expression of B-actin. Shown are arithmetic

means = SEM.




3. Effect of crocin and chrysin on cell viability

Next, the effect of different concentrations of crocin and chrysin (1, 10 and 20 uM) on
AsPC-1 cell viability was determined. As seen in Fig. 23, both crocin and chrysin
promoted a significant decrease on AsPC-1 cell viability in a concentration-dependent
manner.
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Figure 23: Effect of crocin and chrysin (1-20 uM) on cell viability. After a 24h exposure to crocin (A) or
chrysin (B) 1, 10 and 20 uM, cell viability was assessed with the MTT assay (n=7-8). Arithmetic means + SEM
are shown. **Significantly different from control (P<0.01).

4. Influence of nutrient transport inhibitors (BAY-876, NPPB or GPNA) on the
effect of chrysin or crocin on cell viability

In the final series of experiments, we wanted to verify if the cytotoxic effect of crocin and
chrysin (10 uM) was dependent on nutrient uptake inhibition.

Confirming previous results, both crocin and chrysin at 10 uM promoted a decrease in cell
viability, by the MTT assay (Fig 24).

As for the nutrient transporter inhibitors, Bay-876 and NPPB promoted a decrease in cell
viability, but the effects of their combination with crocin (Bay-876 and NPPB) or chrysin
(Bay-876) are not significantly different from the single treatments (Fig 24A-C). GPNA had

no effect on AsPC-1 cells, either alone or in combination with chrysin (Fig 24D).

Since the combination of the nutrient transporter inhibitors and crocin/chrysin did not

change their cytotoxic effect and therefore do not have an additive effect, it is suggested

41



that these compounds act by the same mechanism of inhibition, namely by inhibition of

nutrient transport.
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Figure 24: Effect of crocin or chrysin (10 pM) and nutrient transport inhibitors (2.5 pM BAY-876, 0.1 mM
NPPB and 1 mM GPNA) on cell viability of AsPC-1 cells. After 24h exposure to crocin or chrysin 10 uM
and nutrient transport inhibitors, cell viability was assessed with the MTT assay (n=6-12). Arithmetic means *
SEM are shown. *Significantly different from control (P<0.05) **Significantly different from control (P<0.01). ns

not significantly different.
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Chapter V — Discussion

Despite the advances in cancer treatment, PC is still one of the highest causes of cancer
death worldwide, with a low 5-year survival rate of 9% reported in Europe and USA3 14,

The influence of diet in cancer has been a topic of interest in past years, and an
alternative being explored is the use of isolated bioactive dietary compounds, such as
carotenoids and polyphenols, in cancer treatment. The interest in these compounds has
been increasing not only because of their properties but also because they are easily
obtainable and have a lower toxicity, when compared to current anticancer therapies.
Nevertheless, there is still a need to explore the underlying mechanisms of the anticancer

effect of these compounds.

As previously described, the selected carotenoids have shown anticancer effects in PC
cells, by promoting an increase in cell death, inducing apoptosis and cell cycle arrest and
even decreasing pancreatic tumor size in mice, although the numbers of studies regarding

the effect of carotenoids on PC is relatively low.

To the best of our knowledge, this is the first study investigating the effects of the
astaxanthin and crocin on nutrient uptake by cancer cells. Previous studies exploring the
effects of these carotenoids on diabetes, insulin resistance and metabolic syndrome,
found that astaxanthin promotes an increase in glucose uptake and consumption as well
as in GLUT4 translocation in C2C12 myoblast cells and in human primary skeletal muscle
cells’®, In L6 myoblast cells, astaxanthin also promoted an increase in GLUT4
translocation to the cell membrane and increased glucose uptake'?®. In vivo, astaxanthin
likewise promoted an increase in glucose incorporation into the skeletal muscle and
increased oxidative phosphorylation in mice given a high fat diet*?’.

In the present study using PC cells, we found that astaxanthin had no effect on *H-DG
uptake by both cell lines. We also verified that astaxanthin had no effect on H-L uptake by
AsPC-1 cells, and on PANC-1 only promoted a decrease in ®H-L uptake at the highest
concentration tested (10 pM). On 3H-GLN uptake, astaxanthin promoted a decrease in
sodium-dependent *H-GLN uptake on AsPC-1 cells, also with the highest concentration

tested, while having no effect on PANC-1 cells.

Regarding B-carotene, it was previously found that in the MDA-MB-231 breast cancer cell
line this carotenoid promoted an increase in *H-DG uptake and a decrease in sodium-
independent 3H-GLN uptake, while having no effect on sodium-dependent *H-GLN
uptake!?®, We found that, in both AsPC-1 and PANC-1 cells, B-carotene had no effect on
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3H-L and 3H-DG uptake, but promoted a decrease in total *H-GLN uptake in AsPC-1 cells
(at 1 pM) and an increase in total, sodium-dependent and sodium-independent 3H-GLN
uptake in PANC-1 cells (at 1 and 10 pM).

In a previous study in ovarian cancer cells, fucoxanthin has shown to decrease glucose
uptake in OVCAR-3 and A2780 cells and also to inhibit glycolysis and the enzymes
involved in this process®.

In PC cell lines, we found that fucoxanthin promoted a decrease in *H-L uptake on AsPC-1
cells (and opposite of what was found in ovarian cancer cells”), and an increase in *H-DG
uptake on AsPC-1 cells at the lowest concentration tested (0.1 pM). Fucoxanthin also
promoted a decrease in total and in sodium-dependent *H-GLN uptake by PANC-1 cells
(0.1 and 1 pM), while having no effect on AsPC-1 cells.

Normally, in cancer cells, an increase in glucose consumption and lactate production,
because of aerobic glycolysis (the Warburg effect) exists?2. The effect of fucoxanthin on
AsPC-1 cells - increasing ®*H-DG uptake and decreasing 3H-L uptake - can exacerbate the
Warburg effect and therefore facilitate cancer cell growth. In detail, the increase in glucose
uptake may result in a higher rate of aerobic glycolysis and thus ATP production, which
will facilitate cancer cell proliferation. Besides, the reduction in lactate uptake by cancer
cells can originate an increase in lactate concentrations around cancer cells, which have
been linked to worse clinical outcomes in some cancers, due to the promotion of
metastasis and angiogenesis, by restricting immune cell infiltration into the tumor and by

promoting radio-resistance®.

As for crocin, there was no available data on its effects on nutrient uptake by any cell type,
but in our study, we found that it was the carotenoid with the highest inhibitory effect on
nutrient uptake on AsPC-1 cells. Indeed, crocin promoted a decrease on *H-L uptake (at 1
uM) and on ®H-DG uptake with all concentrations tested. Crocin had no effect on *H-GLN
uptake by AsPC-1 cells, but increased the sodium-independent *H-GLN uptake on PANC-

1 cells with the lowest concentration tested (0.1 pM).

The inhibition of glycolysis is a novel antineoplastic strategy being investigated, since
cancer cells rely mostly on glycolysis for their energy requirements*®'. The inhibition of
lactate uptake, usually by targeting MCT1 and MCT4, has also shown promising effects in
cancer therapy, by blocking the growth of glycolytic tumors*32. With crocin, we found that it

not only inhibits glucose uptake, but also inhibits lactic acid uptake, therefore inhibiting the
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uptake of two important energy sources for cancer cells, showing that crocin has a strong
anticancer potential against AsPC-1 cells.

In relation to the selected polyphenols, these have shown anticancer effects in PC cell
lines, in agreement with what was previously described, which includes induction of a
decrease in cell viability and of apoptosis® 86: 87 9: 97: 104 108 | yjyo, both chrysin and
kaempferol promoted a decrease in pancreatic tumor growth® % while quercetin induced
apoptosis in the tumor tissue®% 112,

Their mechanisms of action in PC are still largely unknown, but genistein has reportedly
inhibited the Notch-1 signaling pathway®®, causing a decrease in cell growth, as well as
downregulation of FOXM18, which contributes to tumorigenesis and cancer
progression®*3, It was also reported to inhibit the STAT3 pathway?®’, which is known to
regulate various processes like cell proliferation, migration, apoptosis, angiogenesis,
metastasis and immune responses, being very important on the process of development
and progression of various cancers?4. As to kaempferol, it was shown to inhibit the EGFR
signaling pathway®’, promoting an inhibition of cancer cell growth and migration. Finally,
quercetin was also described to inhibit the STAT3 pathway?®, like genistein, and the SHH
and TGF-p/Smad signaling pathways, resulting in the inhibition of the epithelial-
mesenchymal transition**2. Quercetin was also shown to promote apoptosis by JNK
activation''’ and some of its metabolites appear to inhibit the ERK% and EGFR signaling

pathways!, like kaempferol.

As for nutrient uptake, our data shows that chrysin promoted a concentration-dependent
decrease in *H-DG uptake by AsPC-1 cells, which is in agreement with previous studies
showing that chrysin inhibited glucose and fructose uptake by other cancer cell types
(Caco-2, HCC, MCF-7 and BeWo)®>3% while inhibiting lactate production®*®, thus
apparently reversing the metabolic reprogramming of cancer cells. Our results also show
that, in both PC cell lines, chrysin had no effect on 3H-L uptake.

Prior research shows that chrysin led to an increase in the sodium-dependent *H-GLN
uptake by the MCF-7 breast cancer cell line, while decreasing sodium-dependent 3H-GLN
uptake by another breast cancer cell line (MDA-MB-231)*°. In our study, chrysin
promoted a decrease in sodium-dependent *H-GLN uptake in the AsPC-1 cell line, while

having no effect on PANC-1 cells.

Genistein had no significant effect on 3H-L uptake on both cell lines but promoted a
decrease in *H-DG in the PANC-1 cell line, with the highest tested concentration (10 pM),

and an increase in sodium-independent *H-GLN uptake, also in the PANC-1 cell line.
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Previous data show that genistein induces a decrease in glucose uptake in various cancer
and non-cancer cell lines (HCC-LM3, Bel-7402, MCF-7, MDA-MB-231, A2780, CaOV3,
ES2 and HL-60)1 140143 However, in low doses (1-13 pM) genistein has shown to
promote an increase in glucose uptake and cell growth by breast cancer cell lines, while
decreasing both glucose and glutamine uptake in higher doses (>20 uM)**4. Moreover, in
A431 and Colo205 cancer cells, genistein promoted an increase in glucose uptake, and in
mice the GLUT1 expression was significantly increased*. Treatment with genistein was
also shown to decrease GLUT1 expression in hepatocellular carcinoma*® and in prostate
cancer**’. However, this decrease in prostate cancer cells was only observed in the first
6h of genistein exposure. After 24h and 48h exposure, GLUT1 levels were increased. This
study also showed that genistein promoted a decrease in GLUT4*’ protein levels.

So, our finding that genistein promotes a decrease in glucose uptake by PC cell lines
agrees with most previous studies. However, we also verified that it increases glutamine
uptake, which was not previously investigated.

To the best of our knowledge, there are no published studies regarding the effect of

genistein on lactic acid uptake by cancer cells.

We found that kaempferol promotes an increase in *H-DG uptake by PANC-1 cells, which
is an unexpected result given that in previous studies kaempferol was found to decrease
glucose uptakel®® 148 149 gluycose consumption!*® and glycolysis'*® and to inhibit GLUT1
transporter'®! in some other cancer cell lines (eg. breast, esophagic, gastric and
hepatocellular cancer cell lines).

We also found that kaempferol has no effect on *H-L uptake by both AsPC-1 and PANC-1
cell lines. The literature on this polyphenol indicates that it is able to decrease extracellular
lactate levels in other cancer cell types #¢1% and also to decrease MCT1-mediated
lactate uptake in a breast cancer cell line%,

Kaempferol also promoted a decrease in total *H-GLN uptake by PANC-1 cells. A previous
study on breast cancer cell lines showed an increase in *H-GLN uptake when cells were
treated with kaempferol**®, which disagrees with the results we obtained in PC cells.

Overall, kaempferol had no effect on AsPC-1 nutrient uptake.

As for quercetin, we found that it increased 3H-L uptake by AsPC-1 cells, at the lowest
concentration tested (0.1 uM), while having no effect on PANC-1 cells. This result is very
distinct from previous studies that reported an inhibition of MCT by quercetin in breast
cancer cell lines'®?, as well as a decrease in lactate production and consumption in breast
cancer cells'®3. In insulinoma cells, quercetin was also found to inhibit the cellular uptake

of L-lactate®*.
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Quercetin also promoted an increase in *H-DG uptake on PANC-1 cells (at 1 uM) but had
no effect on AsPC-1 cells. Prior research shows a very distinct effect of quercetin on
glucose uptake (a decrease) by other cancer cell lines. Namely, in choriocarcinoma cells
(BeWo), quercetin promoted a concentration-dependent decrease in *H-DG uptake, acting
as a non-competitive inhibitor'®®. In uveal melanoma cells (92.1), quercetin also promoted
a decrease in glucose uptake and suppressed the glycolytic rate'®®. The same was found
in breast cancer cells (MCF-7 and MDA-MB-231), where quercetin reduced glucose
uptake®®3 157 with a study finding a decrease in the level of GLUT1 expression®®’, while
other finding an increase in GLUT1 mRNA expression®3. In hepatocarcinoma cell lines,
guercetin was also found to decrease glucose uptake, while also increasing GLUT1
expression®®. This could be caused by the competitive inhibition of GLUT1, that can lead
to GLUT recruitment from the cytoplasm to the membrane®®®,

Finally, in relation to *H-GLN uptake, we found that in both cell lines, quercetin increased
sodium-independent *H-GLN uptake while decreasing both total and sodium-dependent
3H-GLN uptake. The main mechanism of uptake of glutamine in these cells was found to
be sodium-dependent and mediated by the ASCT2 transporter'??, which is considered the
most important glutamine transporter in cancer cells'®®. Interestingly, quercetin promoted
the opposite effect on the sodium-independent *H-GLN uptake, which could mean that it is
also acting on LAT1, which has been explored due to its potential in cancer and
overexpression in many cancers*. Overall, total 3H-GLN uptake was also decrease since
the sodium-independent portion of the transport is very low compared to the sodium-
dependent portion.

This possible effect of quercetin on LAT1 could be an interesting subject to study in the
future. If this effect on LAT1 is caused by increased expression of this transporter,
guercetin could be used in combination with nanoparticles with chemotherapeutic agents
to better target PC cells, since LAT1 has been proven to enhance nanoparticles
delivery'®. However, LAT1 overexpression has also been associated with
chemoresistance in some cancer*®, so it would need to be better studied in PC.

In a previous study, quercetin promoted an increase in sodium-dependent and total *H-
GLN uptake by MCF-7 breast cancer cells®®®, having an opposite effect than the one we
found in this work. However, in MDA-MB-231, quercetin promoted a decrease in sodium-
dependent *H-GLN uptake!®.

Overall, of all the polyphenols tested, chrysin was the one that showed a higher
therapeutic potential by promoting a decrease in both *H-DG and in sodium-dependent
SH-GLN uptake. As mentioned above, the inhibition of glucose uptake can be quite

beneficial in cancer therapy, particularly by inhibiting the growth of glycolytic tumors®3?,
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Besides the inhibition of glucose uptake, chrysin also inhibits glutamine uptake, which is
essential for “glutamine addicted” cancer cells. By inhibiting glutamine uptake and
consumption by cancer cells, we can inhibit the growth and proliferation of cancer cells.
This strategy for cancer treatment is being researched in the last years, with the
development of many glutamine uptake inhibitors, but also inhibitors that target enzymes
involved glutamine metabolism**°,

Altogether, in this study, we inferred that the AsPC-1 cell metabolism might be more
sensitive to the carotenoids than the PANC-1 cells, in which the carotenoids have almost
no effect on *H-DG and 3H-L uptake. These results could be explained by the fact these
cell lines are metabolically different, particularly when it comes to glycolysis, where AsPC-
1 cells show a higher glycolytic rate than PANC-111,

Because, among all tested compounds, crocin and chrysin showed effects on nutrient
uptake by AsPC-1 cells with the highest therapeutic potential, we decided to focus our
study on further investigating their inhibitory effect of nutrient uptake by AsPC-1 cells, as
well as on the possible relationship between this effect and their cytotoxic effect in these

cells.

To determine if crocin and chrysin inhibited nutrient uptake by inhibiting their specific
transporters gene expression, we performed a RT-gPCR targeting GLUT1, ASCT2 and
MCT1, which are the main transporters of glucose, glutamine and lactate, respectively.
We found that crocin had no significant effect on GLUT1 and MCT1 gene expression, and
that chrysin had no significant effect on GLUT1 and ASCT2 gene expression. This shows
that these compounds do not affect nutrient transporter transcription rates.

This could mean that these compounds could target the nutrient transporter protein levels
or the proteins directly, hindering their activity and therefore decreasing the amount of
nutrients being transported into the cells. This was not further explored in this study but

may be interesting to pursue in the future.

With the MTT assay, we determined that both crocin and chrysin promoted a
concentration-dependent decrease in AsPC-1cell viability, which goes according to

previous studies that obtained similar results in PC cell lines®”: 68:80-83,

BAY-876 is a selective GLUT1 inhibitor with an ICso value of 2 nM, but it also is able to
inhibit GLUT2, GLUT3 and GLUT4 at higher concentrations'®>. NPPB (5-nitro-2-(3-
phenylpropylaminobenzoate) is a MCT1 inhibitor with an inhibition index (K;) of 9 uM, also
inhibiting MCT4 at 240 uM3 GPNA (L-y-glutamyl-p-nitroanilide) is a non-selective
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competitive glutamine transport inhibitor and is commonly used as a ASCT2 inhibitor,
although it also promotes inhibition of LAT1, LAT2, SNAT1 and SNAT2164 165,

To further investigate the anticancer effects of crocin and chrysin and if these are related
to their effect on nutrient uptake, we assessed the cell viability when AsPC-1 cells were
co-treated with BAY-876, NPPB and GPNA. We found that, by themselves, the inhibitors
BAY-876 and NPPB promoted a decrease in AsPC-1 cell viability, while GPNA had no
effect. This led us to believe that AsPC-1 cells might have a glutamine-independent
metabolism, since their viability was unaffected by GPNA. This was previously observed in
breast cancer cells, in which MCF-7 cells were found to be insensitive to ASCT2 inhibition
with GPNA®, When BAY-876 was combined with chrysin or crocin, we found that this
combination also promoted a significant decrease in cell viability, but it was not
significantly different from the effect of the isolated treatments. The same was found when
AsPC-1 cells were treated with NPPB and crocin. Because cells treated with crocin,
chrysin or the inhibitors separately (except GPNA) caused a significant decrease in cell
viability, that was not different when these compounds were combined, we believe that the
cytotoxic effect of crocin and chrysin in the AsPC-1 cell line stems from the same

mechanism of action of the inhibitors, i.e. by inhibiting glucose and lactic acid uptake.
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Chapter VI — Conclusions

In conclusion, we were able to study the effect of various carotenoids and polyphenols on
glucose, lactic acid and glutamine uptake by two PC cell lines, showing that these two PC
cells lines have different metabolic sensibilities to the action of these compounds. We also
showed that crocin and chrysin had a strong therapeutic potential by inhibiting nutrient
incorporation by AsPC-1 cells. However, these compounds had no effect on nutrient
transporter gene expression (GLUT1, ASCT2 and MCT1). Crocin and chrysin were also
found to promote a decrease in AsPC-1 cell viability, in a concentration-dependent
manner, which appears to be related to their inhibitory effect on nutrient uptake.

Overall, this study contributes to the clarification of a possible mechanism of action
involved in the anticancer properties of carotenoids and polyphenols, as well as of the

potential of these compounds as therapeutic agents in PC.

The next logical steps would be to finish characterizing the mechanism of action by which
crocin and chrysin inhibit nutrient uptake, but most importantly to determine if this effect is
isolated to the AsPC-1 cell line, or if is also observed in other PC cell lines. We could also
study a way to deliver these compounds into the pancreatic tumor tissue, since their

bioavailability is quite low.

51



52



Chapter VII - References

1.

10.

11.

12.

McDougal, J. C., Dharmadhikari, N. D., & Shaikh, S. D. (2023). Disorders of the
Pancreas. Prim Care, 50(3), 391-409

Bethesda, M. (2023). PDQ® Adult Treatment Editorial Board. PDQ Pancreatic
Cancer Treatment. National Cancer Institute. Retrieved 26 October 2023 from
https://www.cancer.gov/types/pancreatic/patient/pancreatic-treatment-pdq.

Ferlay, J., Ervik, M., Lam, F., Laversanne, M., Colombet, M., Mery, L., Pifieros, M.,
Znaor, A., Soerjomataram, |., & Bray, F. (2024). Global Cancer Observatory: Cancer
Today. . Lyon, France: International Agency for Research on Cancer. Retrieved 20
February from https://gco.iarc.who.int/today

Siegel, R. L., Miller, K. D., Wagle, N. S., & Jemal, A. (2023). Cancer statistics, 2023.
CA Cancer J Clin, 73(1), 17-48

Klein, A. P. (2021). Pancreatic cancer epidemiology: understanding the role of
lifestyle and inherited risk factors. Nat Rev Gastroenterol Hepatol, 18(7), 493-502
Ferlay, J., Partensky, C., & Bray, F. (2016). More deaths from pancreatic cancer than
breast cancer in the EU by 2017. Acta oncologica, 55(9-10), 1158-1160

Michalak, N., & Matecka-Wojciesko, E. (2023). Modifiable Pancreatic Ductal
Adenocarcinoma (PDAC) Risk Factors. J Clin Med, 12(13)

Hu, J. X., Zhao, C. F,, Chen, W. B., Liu, Q. C., Li, Q. W., Lin, Y. Y., & Gao, F. (2021).
Pancreatic cancer: A review of epidemiology, trend, and risk factors. World J
Gastroenterol, 27(27), 4298-4321

Mukhtar, S., Moradi, A., Kodali, A., Okoye, C., Klein, D., Mohamoud, I., Olanisa, O.
O., Parab, P., Chaudhary, P., & Hamid, P. (2023). On the Menu: Analyzing the
Macronutrients, Micronutrients, Beverages, Dietary Patterns, and Pancreatic Cancer
Risk. Cureus, 15(9), e45259

Olakowski, M., & Buldak, L. (2022). Modifiable and Non-Modifiable Risk Factors for
the Development of Non-Hereditary Pancreatic Cancer. Medicina (Kaunas), 58(8)
Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, |., Jemal, A., &
Bray, F. (2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence
and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin, 71(3),
209-249

Wolpin, B. M., Chan, A. T., Hartge, P., Chanock, S. J., Kraft, P., Hunter, D. J.,
Giovannucci, E. L., & Fuchs, C. S. (2009). ABO blood group and the risk of
pancreatic cancer. J Natl Cancer Inst, 101(6), 424-431

53



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Ohmoto, A., Yachida, S., & Morizane, C. (2019). Genomic Features and Clinical
Management of Patients with Hereditary Pancreatic Cancer Syndromes and Familial
Pancreatic Cancer. Int J Mol Sci, 20(3)

DiMagno, E. P. (1999). Pancreatic cancer: clinical presentation, pitfalls and early
clues. Ann Oncol, 10 Suppl 4, 140-142

American Society of Clinical Oncology. (2022). Pancreatic Cancer: Stages.
https://www.cancer.net/cancer-types/pancreatic-cancer/stages

Koltai, T. (2023). Earlier Diagnosis of Pancreatic Cancer: Is It Possible? Cancers
(Basel), 15(18)

Martin, D., Alberti, P.,, Wigmore, S. J., Demartines, N., & Joliat, G. R. (2023).
Pancreatic Cancer Surgery: What Matters to Patients? J Clin Med, 12(14)

Loveday, B., Lipton, L., & Thomson, B. (2019). Pancreatic cancer: An update on
diagnosis and management. Australian Journal for General Practitioners, 48, 826-
831

Zuzcak, M., & Trnka, J. (2022). Cellular metabolism in pancreatic cancer as a tool
for prognosis and treatment (Review). Int J Oncol, 61(2)

Hanahan, D. (2022). Hallmarks of cancer: new dimensions. Cancer discovery, 12(1),
31-46

Licciulli, S. (2022). New Dimensions in Cancer Biology: Updated Hallmarks of
Cancer Published. American Association for Cancer Research. Retrieved 20
November from https://www.aacr.org/blog/2022/01/21/new-dimensions-in-cancer-
biology-updated-hallmarks-of-cancer-published/

Jang, M., Kim, S. S., & Lee, J. (2013). Cancer cell metabolism: implications for
therapeutic targets. Experimental & Molecular Medicine, 45(10), e45-e45

Gurung, P., Zubair, M., & Jialal, I. (2023). Plasma Glucose. In StatPearls. StatPearls
Publishing Copyright © 2023, StatPearls Publishing LLC.

Nakrani, M. N., Wineland, R. H., & Anjum, F. (2023). Physiology, Glucose
Metabolism. In StatPearls [Internet]. StatPearls Publishing.

Rabinowitz, J. D., & Enerback, S. (2020). Lactate: the ugly duckling of energy
metabolism. Nat Metab, 2(7), 566-571

Liberti, M. V., & Locasale, J. W. (2016). The Warburg Effect: How Does it Benefit
Cancer Cells? Trends Biochem Sci, 41(3), 211-218

Estrella, V., Chen, T., Lloyd, M., Wojtkowiak, J., Cornnell, H. H., Ibrahim-Hashim, A.,
Bailey, K., Balagurunathan, Y., Rothberg, J. M., Sloane, B. F,, Johnson, J., Gatenby,
R. A., & Gillies, R. J. (2013). Acidity generated by the tumor microenvironment
drives local invasion. Cancer Res, 73(5), 1524-1535

54



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Bose, S., Zhang, C., & Le, A. (2021). Glucose Metabolism in Cancer: The Warburg
Effect and Beyond. In A. Le (Ed.), The Heterogeneity of Cancer Metabolism (pp. 3-
15). Springer International Publishing.

Teng, T., Sun, G., Ding, H., Song, X., Bai, G., Shi, B., & Shang, T. (2023).
Characteristics of glucose and lipid metabolism and the interaction between gut
microbiota and colonic mucosal immunity in pigs during cold exposure. Journal of
Animal Science and Biotechnology, 14(1), 84

Hantzidiamantis, P. J., & Lappin, S. L. (2019). Physiology, glucose.

Litwack, G. (2018). Chapter 6 - Insulin and Sugars. In G. Litwack (Ed.), Human
Biochemistry (pp. 131-160). Academic Press.

Zeng, K., Ju, G., Wang, H., & Huang, J. (2020). GLUT1/3/4 as novel biomarkers for
the prognosis of human breast cancer. Translational Cancer Research, 9(4), 2363-
2377

Szablewski, L. (2022). Glucose transporters as markers of diagnosis and prognosis
in cancer diseases. Oncol Rev, 16(1), 561

Cruzat, V., Macedo Rogero, M., Noel Keane, K., Curi, R., & Newsholme, P. (2018).
Glutamine: Metabolism and Immune Function, Supplementation and Clinical
Translation. Nutrients, 10(11)

Ren, L. L., Mao, T., Meng, P., Zhang, L., Wei, H. Y., & Tian, Z. B. (2023). Glutamine
addiction and therapeutic strategies in pancreatic cancer. World J Gastrointest
Oncol, 15(11), 1852-1863

Medicine, I., Board, F., Macronutrients, A., Intakes, S., & Intakes, S. (2005). Dietary
Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol,
Protein, and Amino Acids (Macronutrients).

Altman, B. J., Stine, Z. E., & Dang, C. V. (2016). From Krebs to clinic: glutamine
metabolism to cancer therapy. Nature Reviews Cancer, 16(10), 619-634

Quek, L.-E., van Geldermalsen, M., Guan, Y. F., Wahi, K., Mayoh, C., Balaban, S.,
Pang, A., Wang, Q., Cowley, M. J., Brown, K. K., Turner, N., Hoy, A. J., & Holst, J.
(2022). Glutamine addiction promotes glucose oxidation in triple-negative breast
cancer. Oncogene, 41(34), 4066-4078

He, Q., Shi, X., Zhang, L., Yi, C., Zhang, X., & Zhang, X. (2016). De Novo Glutamine
Synthesis: Importance for the Proliferation of Glioma Cells and Potentials for Its
Detection With 13N-Ammonia. Mol Imaging, 15

Bhutia, Y. D., & Ganapathy, V. (2016). Glutamine transporters in mammalian cells
and their functions in physiology and cancer. Biochim Biophys Acta, 1863(10), 2531-
2539,

55



41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Li, X., Yang, Y., Zhang, B., Lin, X., Fu, X., An, Y., Zou, Y., Wang, J.-X., Wang, Z., &
Yu, T. (2022). Lactate metabolism in human health and disease. Signal Transduction
and Targeted Therapy, 7(1), 305

Li, F, & Simon, M. C. (2020). Cancer Cells Don’t Live Alone: Metabolic
Communication within Tumor Microenvironments. Developmental Cell, 54(2), 183-
195

Halestrap, A. P. (2012). The monocarboxylate transporter family—Structure and
functional characterization. [IUBMB Life, 64(1), 1-9

Cuperlovié-Culf, M. (2013). 2 - Biology — cancer metabolic phenotype. In M.
Cuperlovié-Culf (Ed.), NMR Metabolomics in Cancer Research (pp. 15-138).
Woodhead Publishing.

Payen, V. L., Mina, E., Van Hée, V. F., Porporato, P. E., & Sonveaux, P. (2020).
Monocarboxylate transporters in cancer. Mol Metab, 33, 48-66

Kong, S. C., Nghr-Nielsen, A., Zeeberg, K., Reshkin, S. J., Hoffmann, E. K., Novak,
I., & Pedersen, S. F. (2016). Monocarboxylate Transporters MCT1 and MCT4
Regulate Migration and Invasion of Pancreatic Ductal Adenocarcinoma Cells.
Pancreas, 45(7), 1036-1047

Guaadaoui, A., Benaicha, S., EImajdoub, N., Bellaoui, M., & Hamal, A. (2014). What
is a bioactive compound? A combined definition for a preliminary consensus.
International Journal of Nutrition and Food Sciences, 3(3), 174-179

Ganesan, K., Du, B., & Chen, J. (2022). Effects and mechanisms of dietary bioactive
compounds on breast cancer prevention. Pharmacological Research, 178, 105974
Liu, R. H. (2003). Health benefits of fruit and vegetables are from additive and
synergistic combinations of phytochemicals23. The American Journal of Clinical
Nutrition, 78(3), 517S-520S

Liu, R. H. (2013). Dietary bioactive compounds and their health implications. J Food
Sci, 78 Suppl 1, A18-25

Saini, R. K., Keum, Y. S., Daglia, M., & Rengasamy, K. R. (2020). Dietary
carotenoids in cancer chemoprevention and chemotherapy: A review of emerging
evidence. Pharmacol Res, 157, 104830

Olatunde, A., Tijjani, H., Ishola, A., Egbuna, C., Hassan, S., & Akram, M. (2020).
Carotenoids as Functional Bioactive Compounds. In (pp. 415-444).

Marino, P., Pepe, G., Basilicata, M. G., Vestuto, V., Marzocco, S., Autore, G.,
Procino, A., Gomez-Monterrey, I. M., Manfra, M., & Campiglia, P. (2023). Potential
Role of Natural Antioxidant Products in Oncological Diseases. Antioxidants (Basel),
12(3)

56



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Russo, G. L., Moccia, S., Russo, M., & Spagnuolo, C. (2021). Redox regulation by
carotenoids: Evidence and conflicts for their application in cancer. Biochemical
Pharmacology, 194, 114838

Delgado-Gonzalez, P., Garza-Trevifio, E. N., de la Garza Kalife, D. A., Quiroz
Reyes, A., & Hernandez-Tobias, E. A. (2023). Bioactive Compounds of Dietary
Origin and Their Influence on Colorectal Cancer as Chemoprevention. Life, 13(10),
1977

Lee, C.-C. (2022). Astaxanthin. In S. M. Jafari, A. Rashidinejad, & J. Simal-Gandara
(Eds.), Handbook of Food Bioactive Ingredients: Properties and Applications (pp. 1-
41). Springer International Publishing.

Patil, A. D., Kasabe, P. J., & Dandge, P. B. (2022). Pharmaceutical and nutraceutical
potential of natural bioactive pigment: astaxanthin. Natural Products and
Bioprospecting, 12(1), 25

Zhang, L., & Wang, H. (2015). Multiple Mechanisms of Anti-Cancer Effects Exerted
by Astaxanthin. Mar Drugs, 13(7), 4310-4330

Yan, T., Li, H. Y., Wu, J. S., Niu, Q., Duan, W. H., Han, Q. Z., Ji, W. M., Zhang, T., &
Lv, W. (2017). Astaxanthin inhibits gemcitabine-resistant human pancreatic cancer
progression through EMT inhibition and gemcitabine resensitization. Oncol Lett,
14(5), 5400-5408

Grune, T., Lietz, G., Palou, A., Ross, A. C., Stahl, W., Tang, G., Thurnham, D., Yin,
S.-a., & Biesalski, H. K. (2010). B-Carotene Is an Important Vitamin A Source for
Humans. The Journal of Nutrition, 140(12), 2268S-2285S

Martin Ortega, A. M., & Segura Campos, M. R. (2021). Chapter 4 - Phytochemicals
in cancer treatment. In M. R. S. Campos & A. M. M. Ortega (Eds.), Oncological
Functional Nutrition (pp. 125-160). Academic Press.

Wang, J., Hu, X., Chen, J., Wang, T., Huang, X., & Chen, G. (2022). The Extraction
of B-Carotene from Microalgae for Testing Their Health Benefits. Foods, 11(4), 502
Majima, T., Tsutsumi, M., Nishino, H., Tsunoda, T., & Konishi, Y. (1998). Inhibitory
effects of beta-carotene, palm carotene, and green tea polyphenols on pancreatic
carcinogenesis initiated by N-nitorsobis(2-oxopropyl)amine in Syrian golden
hamsters. Pancreas, 16(1), 13-18

Woutersen, R. A., & van Garderen-Hoetmer, A. (1988). Inhibition of dietary fat
promoted development of (pre)neoplastic lesions in exocrine pancreas of rats and
hamsters by supplemental selenium and beta-carotene. Cancer Lett, 42(1-2), 79-85
Alavizadeh, S. H., & Hosseinzadeh, H. (2014). Bioactivity assessment and toxicity of

crocin: A comprehensive review. Food and Chemical Toxicology, 64, 65-80

57



66.

67.

68.

69.

70.

71.

72.

73.

74.

Mohamadpour, A. H., Ayati, Z., Parizadeh, M. R., Rajbai, O., & Hosseinzadeh, H.
(2013). Safety Evaluation of Crocin (a constituent of saffron) Tablets in Healthy
Volunteers. Iran J Basic Med Sci, 16(1), 39-46

Bakshi, H., Sam, S., Rozati, R., Sultan, P., Islam, T., Rathore, B., Lone, Z., Sharma,
M., Triphati, J., & Saxena, R. C. (2010). DNA fragmentation and cell cycle arrest: a
hallmark of apoptosis induced by crocin from kashmiri saffron in a human pancreatic
cancer cell line. Asian Pac J Cancer Prev, 11(3), 675-679

Bakshi, H. A., Zoubi, M. S. A., Hakkim, F. L., Aljabali, A. A. A., Rabi, F. A., Hafiz, A.
A., Al-Batanyeh, K. M., Al-Trad, B., Ansari, P., Nasef, M. M., Charbe, N. B., Satija,
S., Mehta, M., Mishra, V., Gupta, G., Abobaker, S., Negi, P., Azzouz, |. M., Dardouri,
A. A. K., Dureja, H., Prasher, P., Chellappan, D. K., Dua, K., Webba da Silva, M., El
Tanani, M., McCarron, P. A., & Tambuwala, M. M. (2020). Dietary Crocin is
Protective in Pancreatic Cancer while Reducing Radiation-Induced Hepatic
Oxidative Damage. Nutrients, 12(6)

Mohibbullah, M., Haque, M. N., Sohag, A. A. M., Hossain, M. T., Zahan, M. S.,
uddin, M. J., Hannan, M. A., Moon, I. S., & Choi, J. S. (2022). A Systematic Review
on Marine Algae-Derived Fucoxanthin: An Update of Pharmacological Insights. Mar
Drugs, 20(5)

Mumu, M., Das, A., Emran, T. B., Mitra, S., Islam, F., Roy, A., Karim, M. M., Das, R.,
Park, M. N., Chandran, D., Sharma, R., Khandaker, M. U., Idris, A. M., & Kim, B.
(2022). Fucoxanthin: A Promising Phytochemical on Diverse Pharmacological
Targets. Front Pharmacol, 13, 929442

Ahmed, S. A., Mendonca, P., Elhag, R., & Soliman, K. F. A. (2022). Anticancer
Effects of Fucoxanthin through Cell Cycle Arrest, Apoptosis Induction, Angiogenesis
Inhibition, and Autophagy Modulation. Int J Mol Sci, 23(24)

Lu, J.,, Wu, X. J., Hassouna, A., Wang, K. S., Li, Y., Feng, T., Zhao, Y., Jin, M.,
Zhang, B., Ying, T, Li, J.,, Cheng, L. Liu, J.,, & Huang, Y. (2023).
Gemcitabine-fucoxanthin combination in human pancreatic cancer cells. Biomed
Rep, 19(1), 46

Murase, W., Kamakura, Y., Kawakami, S., Yasuda, A., Wagatsuma, M., Kubota, A.,
Kojima, H., Ohta, T., Takahashi, M., Mutoh, M., Tanaka, T., Maeda, H., Miyashita, K.,
& Terasaki, M. (2021). Fucoxanthin Prevents Pancreatic Tumorigenesis in C57BL/6J
Mice That Received Allogenic and Orthotopic Transplants of Cancer Cells. Int J Mol
Sci, 22(24)

Terasaki, M., Inoue, T., Murase, W., Kubota, A., Kojima, H., Kojoma, M., Ohta, T.,
Maeda, H., Miyashita, K., Mutoh, M., & Takahashi, M. (2021). A Fucoxanthinol

58



75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

Induces Apoptosis in a Pancreatic Intraepithelial Neoplasia Cell. Cancer Genomics
Proteomics, 18(2), 133-146

Terasaki, M., Takahashi, S., Nishimura, R., Kubota, A., Kojima, H., Ohta, T,
Hamada, J., Kuramitsu, Y., Maeda, H., Miyashita, K., Takahashi, M., & Mutoh, M.
(2022). A Marine Carotenoid of Fucoxanthinol Accelerates the Growth of Human
Pancreatic Cancer PANC-1 Cells. Nutr Cancer, 74(1), 357-371

Souto, E. B., Sampaio, A. C., Campos, J. R., Martins-Gomes, C., Aires, A., & Silva,
A. M. (2019). Chapter 2 - Polyphenols for skin cancer: Chemical properties,
structure-related mechanisms of action and new delivery systems. In R. Atta ur
(Ed.), Studies in Natural Products Chemistry (Vol. 63, pp. 21-42). Elsevier.

Libro, R., Giacoppo, S., Thangavelu, S. R., Bramanti, A., & Mazzon, E. (2016).
Natural Phytochemicals in the Treatment and Prevention of Dementia: An Overview.
Molecules, 21, 518

Li, S.-Y., & Duan, C.-Q. (2018). Astringency, bitterness and color changes in dry red
wines before and during oak barrel aging: An updated phenolic perspective review
(Vol. 59).

Cory, H., Passarelli, S., Szeto, J., Tamez, M., & Mattei, J. (2018). The Role of
Polyphenols in Human Health and Food Systems: A Mini-Review [Mini Review].
Frontiers in Nutrition, 5

Stompor-Goracy, M., Bajek-Bil, A., & Machaczka, M. (2021). Chrysin: Perspectives
on Contemporary Status and Future Possibilities as Pro-Health Agent. Nutrients,
13(6)

Walle, T., Otake, Y., Brubaker, J. A., Walle, U. K., & Halushka, P. V. (2001).
Disposition and metabolism of the flavonoid chrysin in normal volunteers. Br J Clin
Pharmacol, 51(2), 143-146

Lim, H. K., Kwon, H. J., Lee, G. S., Moon, J. H., & Jung, J. (2022). Chrysin-Induced
G Protein-Coupled Estrogen Receptor Activation Suppresses Pancreatic Cancer. Int
J Mol Sci, 23(17)

Zhou, L., Yang, C., Zhong, W., Wang, Q., Zhang, D., Zhang, J., Xie, S., & Xu, M.
(2021). Chrysin induces autophagy-dependent ferroptosis to increase
chemosensitivity to gemcitabine by targeting CBR1 in pancreatic cancer cells.
Biochem Pharmacol, 193, 114813

Sharifi-Rad, J., Quispe, C., Imran, M., Rauf, A., Nadeem, M., Gondal, T. A., Ahmad,
B., Atif, M., Mubarak, M. S., Sytar, O., Zhilina, O. M., Garsiya, E. R., Smeriglio, A.,
Trombetta, D., Pons, D. G., Martorell, M., Cardoso, S. M., Razis, A. F. A., Sunusi, U.,
Kamal, R. M., Rotariu, L. S., Butnariu, M., Docea, A. O., & Calina, D. (2021).

59



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Genistein: An Integrative Overview of Its Mode of Action, Pharmacological
Properties, and Health Benefits. Oxid Med Cell Longev, 2021, 3268136

Yang, Z., Kulkarni, K., Zhu, W., & Hu, M. (2012). Bioavailability and
pharmacokinetics of genistein: mechanistic studies on its ADME. Anticancer Agents
Med Chem, 12(10), 1264-1280

Ma, J., Zeng, F., Ma, C., Pang, H., Fang, B., Lian, C., Yin, B., Zhang, X., Wang, Z., &
Xia, J. (2016). Synergistic reversal effect of epithelial-to-mesenchymal transition by
miR-223 inhibitor and genistein in gemcitabine-resistant pancreatic cancer cells. Am
J Cancer Res, 6(6), 1384-1395

Bi, Y. L., Min, M., Shen, W., & Liu, Y. (2018). Genistein induced anticancer effects on
pancreatic cancer cell lines involves mitochondrial apoptosis, G(0)/G(1)cell cycle
arrest and regulation of STAT3 signalling pathway. Phytomedicine, 39, 10-16

Xia, J., Duan, Q., Ahmad, A., Bao, B., Banerjee, S., Shi, Y., Ma, J., Geng, J., Chen,
Z., Rahman, K. M., Miele, L., Sarkar, F. H., & Wang, Z. (2012). Genistein inhibits cell
growth and induces apoptosis through up-regulation of miR-34a in pancreatic
cancer cells. Curr Drug Targets, 13(14), 1750-1756

Wang, Z., Ahmad, A., Banerjee, S., Azmi, A., Kong, D., Li, Y., & Sarkar, F. H. (2010).
FoxML1 is a novel target of a natural agent in pancreatic cancer. Pharm Res, 27(6),
1159-1168

Banerjee, S., Zhang, Y., Ali, S., Bhuiyan, M., Wang, Z., Chiao, P. J., Philip, P. A,,
Abbruzzese, J., & Sarkar, F. H. (2005). Molecular evidence for increased antitumor
activity of gemcitabine by genistein in vitro and in vivo using an orthotopic model of
pancreatic cancer. Cancer Res, 65(19), 9064-9072

Li, Y., Ahmed, F, Ali, S., Philip, P. A., Kucuk, O., & Sarkar, F. H. (2005). Inactivation
of nuclear factor kappaB by soy isoflavone genistein contributes to increased
apoptosis induced by chemotherapeutic agents in human cancer cells. Cancer Res,
65(15), 6934-6942

Mouria, M., Gukovskaya, A. S., Jung, Y., Buechler, P., Hines, O. J., Reber, H. A., &
Pandol, S. J. (2002). Food-derived polyphenols inhibit pancreatic cancer growth
through mitochondrial cytochrome C release and apoptosis. Int J Cancer, 98(5),
761-769

M Calderon-Montano, J., Burgos-Morén, E., Pérez-Guerrero, C., & Lépez-Lazaro,
M. (2011). A review on the dietary flavonoid kaempferol. Mini reviews in medicinal
chemistry, 11(4), 298-344

Qattan, M. Y., Khan, M. I, Alharbi, S. H., Verma, A. K., Al-Saeed, F. A., Abduallah, A.
M., & Al Areefy, A. A. (2022). Therapeutic Importance of Kaempferol in the

60



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Treatment of Cancer through the Modulation of Cell Signalling Pathways. Molecules,
27(24)

Imran, M., Salehi, B., Sharifi-Rad, J., Aslam Gondal, T., Saeed, F., Imran, A,
Shahbaz, M., Tsouh Fokou, P. V., Umair Arshad, M., Khan, H., Guerreiro, S. G.,
Martins, N., & Estevinho, L. M. (2019). Kaempferol: A Key Emphasis to Its
Anticancer Potential. Molecules, 24(12)

Zhang, Y., Chen, A. Y., Li, M., Chen, C., & Yao, Q. (2008). Ginkgo biloba extract
kaempferol inhibits cell proliferation and induces apoptosis in pancreatic cancer
cells. J Surg Res, 148(1), 17-23

Lee, J., & Kim, J. H. (2016). Kaempferol Inhibits Pancreatic Cancer Cell Growth and
Migration through the Blockade of EGFR-Related Pathway In Vitro. PLoS One,
11(5), e0155264

Wang, F, Wang, L., Qu, C., Chen, L., Geng, Y., Cheng, C., Yu, S., Wang, D., Yang,
L., Meng, Z., & Chen, Z. (2021). Kaempferol induces ROS-dependent apoptosis in
pancreatic cancer cells via TGM2-mediated Akt/mTOR signaling. BMC Cancer,
21(1), 396

Zhang, Z., Guo, Y., Chen, M., Chen, F, Liu, B., & Shen, C. (2021). Kaempferol
potentiates the sensitivity of pancreatic cancer cells to erlotinib via inhibition of the
PI3K/AKT signaling pathway and epidermal growth factor receptor.
Inflammopharmacology, 29(5), 1587-1601

Andres, S., Pevny, S., Ziegenhagen, R., Bakhiya, N., Schafer, B., Hirsch-Ernst, K. I.,
& Lampen, A. (2018). Safety Aspects of the Use of Quercetin as a Dietary
Supplement. Molecular Nutrition & Food Research, 62(1), 1700447

Ritchie, K. J., & Sarker, S. D. (2020). Chapter Nine - Cancer chemopreventive
natural products. In S. D. Sarker & L. Nahar (Eds.), Annual Reports in Medicinal
Chemistry (Vol. 55, pp. 273-295). Academic Press.

Shebeko, S. K., Zupanets, I. A., Popov, O. S., Tarasenko, O. O., & Shalamay, A. S.
(2018). Chapter 27 - Effects of Quercetin and Its Combinations on Health. In R. R.
Watson, V. R. Preedy, & S. Zibadi (Eds.), Polyphenols: Mechanisms of Action in
Human Health and Disease (Second Edition) (pp. 373-394). Academic Press.

Pham, T. N. D., Stempel, S., Shields, M. A., Spaulding, C., Kumar, K., Bentrem, D.
J., Matsangou, M., & Munshi, H. G. (2019). Quercetin Enhances the Anti-Tumor
Effects of BET Inhibitors by Suppressing hnRNPA1. Int J Mol Sci, 20(17)

Lan, C. Y., Chen, S. Y,, Kuo, C. W, Lu, C. C., & Yen, G. C. (2019). Quercetin
facilitates cell death and chemosensitivity through RAGE/PI3K/AKT/mTOR axis in
human pancreatic cancer cells. J Food Drug Anal, 27(4), 887-896

61



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Yu, D, Ye, T, Xiang, Y., Shi, Z., Zhang, J., Lou, B., Zhang, F., Chen, B., & Zhou, M.
(2017). Quercetin  inhibits  epithelial-mesenchymal transition, decreases
invasiveness and metastasis, and reverses IL-6 induced epithelial-mesenchymal
transition, expression of MMP by inhibiting STAT3 signaling in pancreatic cancer
cells. Onco Targets Ther, 10, 4719-4729

Lee, J., Lee, J., Kim, S. J., & Kim, J. H. (2016). Quercetin-3-O-glucoside suppresses
pancreatic cancer cell migration induced by tumor-deteriorated growth factors in
vitro. Oncol Rep, 35(4), 2473-2479

Fan, P, Zhang, Y., Liu, L., Zhao, Z., Yin, Y., Xiao, X., Bauer, N., Gladkich, J.,
Mattern, J., Gao, C., Schemmer, P., Gross, W., & Herr, I. (2016). Continuous
exposure of pancreatic cancer cells to dietary bioactive agents does not induce drug
resistance unlike chemotherapy. Cell Death Dis, 7(6), e2246

Appari, M., Babu, K. R., Kaczorowski, A., Gross, W., & Herr, |. (2014). Sulforaphane,
guercetin and catechins complement each other in elimination of advanced
pancreatic cancer by miR-let-7 induction and K-ras inhibition. Int J Oncol, 45(4),
1391-1400

Angst, E., Park, J. L., Moro, A., Lu, Q. Y., Lu, X,, Li, G., King, J., Chen, M., Reber, H.
A., Go, V. L., Eibl, G., & Hines, O. J. (2013). The flavonoid quercetin inhibits
pancreatic cancer growth in vitro and in vivo. Pancreas, 42(2), 223-229

Hyun, J. J.,, Lee, H. S., Keum, B., Seo, Y. S., Jeen, Y. T.,, Chun, H. J., Um, S. H., &
Kim, C. D. (2013). Expression of heat shock protein 70 modulates the
chemoresponsiveness of pancreatic cancer. Gut Liver, 7(6), 739-746

Lee, J., Han, S. I, Yun, J. H., & Kim, J. H. (2015). Quercetin 3-O-glucoside
suppresses epidermal growth factor-induced migration by inhibiting EGFR signaling
in pancreatic cancer cells. Tumour Biol, 36(12), 9385-9393

Guo, Y., Tong, Y., Zhu, H., Xiao, Y., Guo, H., Shang, L., Zheng, W., Ma, S., Liu, X., &
Bai, Y. (2021). Quercetin suppresses pancreatic ductal adenocarcinoma progression
via inhibition of SHH and TGF-beta/Smad signaling pathways. Cell Biol Toxicol,
37(3), 479-496

Hoca, M., Becer, E., Kabadayi, H., Yucecan, S., & Vatansever, H. S. (2020). The
Effect of Resveratrol and Quercetin on Epithelial-Mesenchymal Transition in
Pancreatic Cancer Stem Cell. Nutr Cancer, 72(7), 1231-1242

Liu, Z. J., Xu, W., Han, J., Liu, Q. Y., Gao, L. F,, Wang, X. H., & Li, X. L. (2020).
Quercetin induces apoptosis and enhances gemcitabine therapeutic efficacy against
gemcitabine-resistant cancer cells. Anticancer Drugs, 31(7), 684-692

Zhou, W., Kallifatidis, G., Baumann, B., Rausch, V., Mattern, J., Gladkich, J., Giese,
N., Moldenhauer, G., Wirth, T., Buchler, M. W., Salnikov, A. V., & Herr, I. (2010).

62



116.

117.

118.

119.

120.

121.
122.

123.

124,

125.

126.

127.

Dietary polyphenol quercetin targets pancreatic cancer stem cells. Int J Oncol,
37(3), 551-561

David, K. I., Jaidev, L. R., Sethuraman, S., & Krishnan, U. M. (2015). Dual drug
loaded chitosan nanoparticles-sugar--coated arsenal against pancreatic cancer.
Colloids Surf B Biointerfaces, 135, 689-698

Kim, J. H., Kim, M. J., Choi, K. C., & Son, J. (2016). Quercetin sensitizes pancreatic
cancer cells to TRAIL-induced apoptosis through JNK-mediated cFLIP turnover. Int
J Biochem Cell Biol, 78, 327-334

Lee, J. H,, Lee, H. B., Jung, G. O., Oh, J. T,, Park, D. E., & Chae, K. M. (2013).
Effect of quercetin on apoptosis of PANC-1 cells. J Korean Surg Soc, 85(6), 249-260
Serri, C., Quagliariello, V., laffaioli, R. V., Fusco, S., Botti, G., Mayol, L., & Biondi, M.
(2019). Combination therapy for the treatment of pancreatic cancer through
hyaluronic acid-decorated nanopatrticles loaded with quercetin and gemcitabine: A
preliminary in vitro study. J Cell Physiol, 234(4), 4959-4969

Chen, W. H., Horoszewicz, J. S., Leong, S. S., Shimano, T., Penetrante, R.,
Sanders, W. H., Berjian, R., Douglass, H. O., Martin, E. W., & Chu, T. M. (1982).
Human pancreatic adenocarcinoma: in vitro and in vivo morphology of a new tumor
line established from ascites. In Vitro, 18(1), 24-34

American Type Culture Collection. (2023). PANC-1 Product Sheet (CRL-1469™).
Torres, S. M., Carmo, F. P., Monteiro, L. C., Silva, C., Andrade, N., & Martel, F.
(2023). Gallic acid markedly stimulates GLUT1-mediated glucose uptake by the
AsPC-1 pancreatic cancer cell line. Can J Physiol Pharmacol, 101(2), 90-105
Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding. Anal
Biochem, 72, 248-254

Jemal, A., Siegel, R., Ward, E., Murray, T., Xu, J., Smigal, C., & Thun, M. J. (2006).
Cancer statistics, 2006. CA Cancer J Clin, 56(2), 106-130

Feng, W., Wang, Y., Guo, N., Huang, P., & Mi, Y. (2020). Effects of Astaxanthin on
Inflammation and Insulin Resistance in a Mouse Model of Gestational Diabetes
Mellitus. Dose Response, 18(2), 1559325820926765

Ishiki, M., Nishida, Y., Ishibashi, H., Wada, T., Fujisaka, S., Takikawa, A., Urakaze,
M., Sasaoka, T., Usui, |, & Tobe, K. (2013). Impact of divergent effects of
astaxanthin on insulin signaling in L6 cells. Endocrinology, 154(8), 2600-2612
Nishida, Y., Nawaz, A., Kado, T., Takikawa, A., Igarashi, Y., Onogi, Y., Wada, T,
Sasaoka, T., Yamamoto, S., Sasahara, M., Imura, J., Tokuyama, K., Usui, I,

Nakagawa, T., Fujisaka, S., Kunimasa, Y., & Tobe, K. (2020). Astaxanthin stimulates

63



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

mitochondrial biogenesis in insulin resistant muscle via activation of AMPK pathway.
J Cachexia Sarcopenia Muscle, 11(1), 241-258

Antunes, A., Carmo, F., Pinto, S., Andrade, N., & Martel, F. (2022). The anti-
proliferative effect of B-carotene against a triple-negative breast cancer cell line is
cancer cell-specific and JNK-dependent. PharmaNutrition, 22, 100320

Zhang, Z., Wang, Y., & Li, J. (2023). Fucoxanthin suppresses the malignant
progression of ovarian cancer by inactivating STAT3/c-Myc signaling. Am J Transl|
Res, 15(4), 2528-2540

Wu, Y., Dong, Y., Atefi, M., Liu, Y., Elshimali, Y., & Vadgama, J. V. (2016). Lactate, a
Neglected Factor for Diabetes and Cancer Interaction. Mediators of Inflammation,
2016(1), 6456018

Temre, M. K., Kumar, A., & Singh, S. M. (2022). An appraisal of the current status of
inhibition of glucose transporters as an emerging antineoplastic approach:
Promising potential of new pan-GLUT inhibitors [Review]. Frontiers in
Pharmacology, 13

Le Floch, R., Chiche, J., Marchiq, I., Naiken, T., lic, K., Murray, C. M., Critchlow, S.
E., Roux, D., Simon, M. P., & Pouysségur, J. (2011). CD147 subunit of lactate/H+
symporters MCT1 and hypoxia-inducible MCT4 is critical for energetics and growth
of glycolytic tumors. Proc Natl Acad Sci U S A, 108(40), 16663-16668

Liao, G.-B., Li, X.-Z., Zeng, S., Liu, C., Yang, S.-M., Yang, L., Hu, C.-J., & Bai, J.-Y.
(2018). Regulation of the master regulator FOXM1 in cancer. Cell Communication
and Signaling, 16(1), 57

Johnston, P. A., & Grandis, J. R. (2011). STAT3 signaling: anticancer strategies and
challenges. Mol Interv, 11(1), 18-26

Andrade, N., Silva, C., & Martel, F. (2018). The effect of oxidative stress upon
intestinal sugar transport: an in vitro study using human intestinal epithelial (Caco-2)
cells. Toxicology Research, 7(6), 1236-1246

Xu, D., Jin, J., Yu, H., Zhao, Z., Ma, D., Zhang, C., & Jiang, H. (2017). Chrysin
inhibited tumor glycolysis and induced apoptosis in hepatocellular carcinoma by
targeting hexokinase-2. J Exp Clin Cancer Res, 36(1), 44

Araujo, J. R., Goncalves, P., & Martel, F. (2008). Modulation of Glucose Uptake in a
Human Choriocarcinoma Cell Line (BeWo) by Dietary Bioactive Compounds and
Drugs of Abuse. The Journal of Biochemistry, 144(2), 177-186

Azevedo, C., Correia-Branco, A., Aragjo, J. R., Guimaraes, J. T., Keating, E., &
Martel, F. (2015). The Chemopreventive Effect of the Dietary Compound Kaempferol
on the MCF-7 Human Breast Cancer Cell Line Is Dependent on Inhibition of
Glucose Cellular Uptake. Nutrition and Cancer, 67(3), 504-513

64



139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

Carmo, F., Silva, C., & Martel, F. (2022). Inhibition of Glutamine Cellular Uptake
Contributes to the Cytotoxic Effect of Xanthohumol in Triple-Negative Breast Cancer
Cells. Nutrition and Cancer, 74(9), 3413-3430

Li, S., Li, J., Dai, W., Zhang, Q., Feng, J., Wu, L., Liu, T,, Yu, Q., Xu, S., Wang, W.,
Lu, X., Chen, K., Xia, Y., Lu, J., Zhou, Y., Fan, X., Mo, W., Xu, L., & Guo, C. (2017).
Genistein suppresses aerobic glycolysis and induces hepatocellular carcinoma cell
death. British Journal of Cancer, 117(10), 1518-1528

Gossner, G., Choi, M., Tan, L., Fogoros, S., Griffith, K. A., Kuenker, M., & Liu, J. R.
(2007). Genistein-induced apoptosis and autophagocytosis in ovarian cancer cells.
Gynecologic Oncology, 105(1), 23-30

Lim, H. A., Kim, J. H., Kim, J. H., Sung, M.-K., Kim, M. K., Park, J. H. Y., & Kim, J.-S.
(2006). Genistein Induces Glucose-Regulated Protein 78 in Mammary Tumor Cells.
Journal of Medicinal Food, 9(1), 28-32

Vera, J. C., Reyes, A. M., Carcamo, J. G., Velasquez, F. V., Rivas, C. |, Zhang, R.
H., Strobel, P., Iribarren, R., Scher, H. I., Slebe, J. C., & Golde, D. W. (1996).
Genistein Is a Natural Inhibitor of Hexose and Dehydroascorbic Acid Transport
through the Glucose Transporter, GLUT1 (). Journal of Biological Chemistry,
271(15), 8719-8724

Uifalean, A., Schneider, S., Gierok, P., lonescu, C., luga, C. A., & Lalk, M. (2016).
The Impact of Soy Isoflavones on MCF-7 and MDA-MB-231 Breast Cancer Cells
Using a Global Metabolomic Approach. International Journal of Molecular Sciences,
17(9), 1443

Honndorf, V. S., Wiehr, S., Rolle, A.-M., Schmitt, J., Kreft, L., Quintanilla-Martinez,
L., Kohlhofer, U., Reischl, G., Maurer, A., & Boldt, K. (2016). Preclinical evaluation of
the anti-tumor effects of the natural isoflavone genistein in two xenograft mouse
models monitored by [18F] FDG,[18F] FLT, and [64Cu] NODAGA-cetuximab small
animal PET. Oncotarget, 7(19), 28247

Tian, J.-y., Chi, C.-l., Bian, G., Xing, D., Guo, F.-., & Wang, X.-q. (2021). PSMA
conjugated combinatorial liposomal formulation encapsulating genistein and
plumbagin to induce apoptosis in prostate cancer cells. Colloids and Surfaces B:
Biointerfaces, 203, 111723

Gonzalez-Menendez, P., Hevia, D., Rodriguez-Garcia, A., Mayo, J. C., & Sainz, R.
M. (2014). Regulation of GLUT Transporters by Flavonoids in Androgen-Sensitive
and -Insensitive Prostate Cancer Cells. Endocrinology, 155(9), 3238-3250

Yao, S., Wang, X., Li, C., Zhao, T., Jin, H., & Fang, W. (2016). Kaempferol inhibits
cell proliferation and glycolysis in esophagus squamous cell carcinoma via targeting
EGFR signaling pathway. Tumor Biology, 37(8), 10247-10256

65



149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Filomeni, G., Desideri, E., Cardaci, S., Graziani, |., Piccirillo, S., Rotilio, G., & Ciriolo,
M. R. (2010). Carcinoma cells activate AMP-activated protein kinase-dependent
autophagy as survival response to kaempferol-mediated energetic impairment.
Autophagy, 6(2), 202-216

Wu, H., Du, J., Li, C., Li, H., Guo, H., & Li, Z. (2022). Kaempferol Can Reverse the
5-Fu Resistance of Colorectal Cancer Cells by Inhibiting PKM2-Mediated Glycolysis.
Int J Mol Sci, 23(7)

Sun, Y., Duan, X., Wang, F., Tan, H., Hu, J., Bai, W., Wang, X., Wang, B., & Hu, J.
(2023). Inhibitory effects of flavonoids on glucose transporter 1 (GLUT1): From
library screening to biological evaluation to structure-activity relationship. Toxicology,
488, 153475

Morais-Santos, F., Miranda-Gongalves, V., Pinheiro, S., Vieira, A. F., Paredes, J.,
Schmitt, F. C., Baltazar, F., & Pinheiro, C. (2014). Differential sensitivities to lactate
transport inhibitors of breast cancer cell lines. Endocrine-Related Cancer, 21(1), 27-
38

Moreira, L., Araujo, I., Costa, T., Correia-Branco, A., Faria, A., Martel, F., & Keating,
E. (2013). Quercetin and epigallocatechin gallate inhibit glucose uptake and
metabolism by breast cancer cells by an estrogen receptor-independent
mechanism. Exp Cell Res, 319(12), 1784-1795

Best, L., Trebilcock, R., & Tomlinson, S. (1992). Lactate transport in insulin-secreting
B-cells: Contrast between rat islets and HIT-T15 insulinoma cells. Molecular and
Cellular Endocrinology, 86(1), 49-56

Araujo, J. R., Goncalves, P., & Martel, F. (2008). Modulation of glucose uptake in a
human choriocarcinoma cell line (BeWo) by dietary bioactive compounds and drugs
of abuse. J Biochem, 144(2), 177-186

Tura, A., Herfs, V., Maassen, T., Zuo, H., Vardanyan, S., Prasuhn, M., Ranjbar, M.,
Kakkassery, V., & Grisanti, S. (2024). Quercetin Impairs the Growth of Uveal
Melanoma Cells by Interfering with Glucose Uptake and Metabolism. Int J Mol Sci,
25(8)

Jia, L., Huang, S., Yin, X., Zan, Y., Guo, Y., & Han, L. (2018). Quercetin suppresses
the mobility of breast cancer by suppressing glycolysis through Akt-mTOR pathway
mediated autophagy induction. Life Sciences, 208, 123-130

Brito, A. F,, Ribeiro, M., Abrantes, A. M., Mamede, A. C., Laranjo, M., Casalta-Lopes,
J. E., Goncalves, A. C., Sarmento-Ribeiro, A. B., Tralhao, J. G., & Botelho, M. F.
(2016). New Approach for Treatment of Primary Liver Tumors: The Role of
Quercetin. Nutr Cancer, 68(2), 250-266

66



159.

160.

161.

162.

163.

164.

165.

166.

Fan, Y., Xue, H., Li, Z., Huo, M., Gao, H., & Guan, X. (2024). Exploiting the Achilles’
heel of cancer: disrupting glutamine metabolism for effective cancer treatment
[Review]. Frontiers in Pharmacology, 15

Lopes, C., Pereira, C., & Medeiros, R. (2021). ASCT2 and LAT1 Contribution to the
Hallmarks of Cancer: From a Molecular Perspective to Clinical Translation. Cancers
(Basel), 13(2)

Chihanga, T., Hausmann, S. M., Ni, S., & Kennedy, M. A. (2018). Influence of media
selection on NMR based metabolic profiling of human cell lines. Metabolomics,
14(3), 28

Siebeneicher, H., Cleve, A., Rehwinkel, H., Neuhaus, R., Heisler, 1., Miller, T,
Bauser, M., & Buchmann, B. (2016). Identification and Optimization of the First
Highly Selective GLUT1 Inhibitor BAY-876. ChemMedChem, 11(20), 2261-2271
Pérez-Escuredo, J., Van Hée, V. F., Sboarina, M., Falces, J., Payen, V. L., Pellerin,
L., & Sonveaux, P. (2016). Monocarboxylate transporters in the brain and in cancer.
Biochim Biophys Acta, 1863(10), 2481-2497

Chiu, M., Sabino, C., Taurino, G., Bianchi, M. G., Andreoli, R., Giuliani, N., &
Bussolati, O. (2017). GPNA inhibits the sodium-independent transport system | for
neutral amino acids. Amino Acids, 49(8), 1365-1372

Teixeira, E., Silva, C., & Martel, F. (2021). The role of the glutamine transporter
ASCT?2 in antineoplastic therapy. Cancer Chemotherapy and Pharmacology, 87(4),
447-464

van Geldermalsen, M., Wang, Q., Nagarajah, R., Marshall, A. D., Thoeng, A., Gao,
D., Ritchie, W., Feng, Y., Bailey, C. G., Deng, N., Harvey, K., Beith, J. M., Selinger,
C. I, OToole, S. A., Rasko, J. E., & Holst, J. (2016). ASCT2/SLC1A5 controls
glutamine uptake and tumour growth in triple-negative basal-like breast cancer.
Oncogene, 35(24), 3201-3208

67



	Capa Mestrado SP
	MSc Dissertation

