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«We can only cure

what we can understand firstn

Oftto H. Warburg, the 1931 Nobel laureate
for discovery on tumor metabolism

PE3IOME

AKTyanbHicTb. XaoTU4YHUI Ta HENPAaBUINbHUIA aHrioreHe3 y NyXINMHHIN TKaHWHI CIPUYMHSIE
Aediunt nepdysii O, y pakoBux MyxnvHax, NPU3BOAUTL OO 3HKEHHS 3AaTHOCTI 4o
TPaHCMOPTYBaHHSI MOXMBHUX PEYOBWH Ta BUOANEHHS MPOAYKTIB MeTabomniamy 3 KMiTuH,
LLIO CTBOPIOE NepeaymoBu A0 POPMYBaHHS MMOKCUYHOIO Ta KUCIOro MIKPOOTOYEHHS, ke
Crpusie NporpecyBaHHIO MyXMWUHK, IHBA3ii Ta MeTacTadyBaHHI0. HelloaaBHi AOCHiAXEHHS
nokasanu, Lo 3acTocyBaHHs iHribiTopiB npoToHHoi nomnu (IMM) nigBuwye 4yTnMBiCcTb
CTiNKMX 0 LMTOTOKCMYHMX NpenapaTiB Ta NPOMEHEBOI Tepanii pakoBUX KMNiTUH.

MeTta po6oTtu. OxapakTepusyBaTu CyyacHi BiJOMOCTi MpPO MOXMUBOCTI 3aCTOCYBaHHS
I gna nogonaHHs pagio- Ta XiMiope3nCcTEHTHOCTI.

Martepianu Ta metopu. [Migbip nybnikauil BuMkOHaHO 3a Gaszamu paHux PubMed,
eBook Business Collection, Clinical Key Elsevier, Cochrane Library Ta iH., y sikux
BUCBIT/NIOBANUCb BIiAOMOCTI MPO LWNAXWM A0 NOAONAHHA pagio- Ta XiMiOpEe3UCTEHTHOCTI
NyXAUHHUX KNiTUH 3a gonomoroto IMMN. Ha nepwomy etani npoBogunu Nowyk fnitepa-
TYPHUX [OXepen 3a KI4YOBUMM CIOBaMU: pafiope3vNCTEHTHICTb, IHMGITOpM MPOTOHHOT
NoMnu, MiKpPOOTOUEHHSI MYXMUHHKUX KNiTUH. Ha apyromy etani BUB4anuch pestoMe ctaTein
Ta BUKNoYanucb nyb6nikauii, ki He Bignosiganu kpuTepisM gocnigxeHHs. Ha TpeTbomy
eTani BMBYanuM NoBHI TEKCTU BigibpaHMx cTaTeil Ha BiAMOBIOHICTb KPUTEPISIM BKIOYEHHS!
[0 CMUCKY niTepaTypy Ta peneBaHTHICTb JOCHIAKEHb.

Pesynbratv Ta iXx o6GroBopeHHs. Moaynsilis KUCMOrO MIKPOOTOYEHHST MYXIUHHUX
KNiTUH BUCTYMae NepCcrneKTUBHUM HanpsiMKOM MNPOTUMYXIMHHOTO MikyBaHHSA. AHOManb-
HUW rpagieHT pH MK No3akniTMHHMM CepefoBUMLLEM i LUTONNA3MOK NMYXIUHHUX KNiTUHK
0MnocepeaKkoBYETbCA Pi3HUMU IOHHUMWU/MPOTOHHUMW HacocaMu, BKIHOYaKYUM BaKyomnsipHy
H*-AT®a3sy, Na*/H-06MiHHMKM, MoHOkapbokcunaTHi TpaHcrnopTepu, kapboaHrigpasu Ta
iH. Y Hu3ui pocnigxeHb nokasaHo, wo IMM iHribyTs He nuwe H*Y/K*-ATdasy B napie-
TanbHUX KNITMHaX LWNyHKa, a W BakyonspHy H*-AT®asy, nigsBueHa ekcnpecisa kol
BiOMIYAETbCA Y NYyXNMHHUX KMiTUHax. [onoBHeHHs cxemu nikyBaHHs MM npo-
OeMOHCTpyBano edeKkTUBHICTb Mpu MyXMHHWUX npouecax Pi3HOI Nokanisauii, 3okpema,
y pasi KoropekTanbHOro paky, paky SIE4HUKIB, nereHis, NigLWIYyHKOBOI, NepeaMixypoBoi
Ta rpygHoi 3anoas.

BucHoBku. OTpumaHi 3a pesynsratamu aHarnisy nitepaTypHuUX QKepen AdaHi BKasyloTb
Ha MepCrneKkTUBHICTb MNPOBEAEHHA B YKpaiHi AOKMIHIYHMX Ta KMiHIYHMX AOCNigKEeHb
edpektuBHocTi MM, sk HOBMX pagio- Ta ximioceHcubinisytounx npenaparis.

Ornsp nitepatypu

230 Literature review


https://doi.org/10.46879/ukroj.4.2021.00-00
https://orcid.org/0000-0001-7924-4048
https://orcid.org/0000-0001-7924-4048
mailto:fedir.hladkykh@gmail.com
https://orcid.org/0000-0002-0636-9621
https://orcid.org/0000-0002-0636-9621
mailto:kulinich.galina@gmail.com
https://orcid.org/0009-0007-6397-3183
https://orcid.org/0009-0007-6397-3183
mailto:imr_omo@ukr.net
https://orcid.org/0000-0001-7924-4048
https://orcid.org/0000-0001-7924-4048
mailto:fedir.hladkykh@gmail.com
https://orcid.org/0000-0002-0636-9621
https://orcid.org/0000-0002-0636-9621
mailto:kulinich.galina@gmail.com
https://orcid.org/0009-0007-6397-3183
https://orcid.org/0009-0007-6397-3183
mailto:imr_omo@ukr.net
mailto:fedir.hladkykh@gmail.com

YKpaiHCbKWI pafionoriyHWin Ta oHkonorivHWi >xypHan. 2023. T. 31. Ne 2. C. 230-242
Ukrainian journal of radiology and oncology. 2023;31(2):230-242

ISSN 2708-7166 (Print)
ISSN 2708-7174 (Online)

AAS LUTYBAHHS:

Mapkmx ©.B, Kyniniu I"B., Sonotapbosa T.I. Hosi ninxoan Ao papgio- Ta ximioceHcmbinisauii 3a gonomoroto iHribitopis

NPOTOHHOI MNOMMM KPi3b NPU3MY MaTepHIB MIKPOOTOUYEHHSI MYXIAMHHUX KITiTUH.

YKkpaiHcbkull  padionoeiqyHuli ma

OHKonoaiyHul xypHan. 2023. T. 31. Ne 2. C. 230-242. DOI: https://doi.org/10.46879/ukroj.2.2023.230-242

Key words:

tumor cell microenvironment, radioresis-
tance, proton pump inhibitors, radiation
therapy, radiosensitization, chemosensi-
tization.

For correspondence:

Hladkykh Fedir Volodymyrovych

The State Organization «Grigoriev Institute
for Medical Radiology and Oncology of the
National Academy of Medical Sciences of
Ukraine», Department of Radiology;

82, Pushkinska Str.,, Kharkiv, Ukraine,
61024;

e-mail: fedir.hladkykh@gmail.com

© Hladkykh F.V., Kulinich H.V.,
Zolotarova T.G., 2023

For citation:

ABSTRACT

Background. Chaotic and improper angiogenesis in the tumor tissue causes deficit
in O, perfusion in tumors, a decreased capacity to deliver nutrients and remove metabo-
lism products from cells, creating preconditions for the formation of hypoxic and alkaline
microenvironment which drives tumor progression, invasion and metastases. Recent
studies have shown that the use of proton pump inhibitors (PPIs) increases sensitivity
of the tumor cells that are resistant to cytotoxic drugs and radiation therapy.

Purpose — to provide insight into the modern data on the possibilities of the use of
proton pump inhibitors for overcoming radio- and chemoresistance.

Materials and methods. The selection of publications was performed in such databases
as Pubmed, eBook Business Collection, Clinical Key Elsevier, Cochrane Library in
which the data on the ways of overcoming radio- and chemoresistance of tumor cells
using PPIs were described. At the first stage, the search of literature sources was carried
out by the following keywords: radioresistance, proton pump inhibitors, tumor cell
microenvironment. At the second stage, the abstracts of the articles were studied,
and those publications that did not match the criteria of our work were excluded.
At the third stage, full texts of the selected articles were studied for relevance and
eligibility to be included in the references.

Results and discussion. The modulation of the acidic tumor cell microenvironment
is a prospective direction of antitumor treatment. The abnormal pH-gradient between
the extracellular environment and the cell cytoplasm is mediated by different ion/proton
pumps, including vacuolar H*-ATPase, Na*/H- exchangers, monocarboxylate transporters,
carbonic anhydrases, etc. Several studies have revealed that PPIs inhibit not only the
H*/K*-ATPase in gastric parietal cells, but also the vacuolar H*-ATPase (V-ATPase)
overexpressed in tumor cells. The addition of PPIs to treatment regimen has
demonstrated effectiveness in tumor processes of different localization, including
those in colorectal cancer, ovarian cancer, lung cancer, pancreatic cancer, prostate cancer,
and breast cancer.

Conclusions. The obtained data from the analysis of literature sources indicate the
potential of conducting preclinical and clinical trials of the effectiveness of PPIs as the
new radio- and chemosensitizing drugs in Ukraine.

Hladkykh FV, Kulinich HV, Zolotarova TG. New approaches to radio- and chemosensitization using proton pump
inhibitors through the lens of tumor cell microenvironment patterns. Ukrainian journal of radiology and oncology.
2023;31(2):230—242. DOI: https://doi.org/10.46879/ukroj.2.2023.230-242
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Cratta € (hparMeHTOM NNaHOBOi HayKOBO-AOCMIAHOI

pob6otn [epxaBHOi yCTaHOBU  «IHCTUTYT  MeAUYHOI
pagionorii Ta oHkonorii iM. C.M. Mpurop’eBa HauioHanbHoi
akagemii  MeouMuHux Hayk  YkpaiHu»  «Po3pobneHHs

iHOMBIgyanbHUX NigxodiB OO MpoBeAeHHs aHTubnacTom-
HoOi Tepanii y nauieHTiB, Ski nepeHecnn COVID-19»,
Homep AaepxaBHoi peecTpauii: 0121U112052, npuknagHa,
TepMiH BUKOHaHHA 2022-2024 pp., HAyKOBi KEPIBHUKN —
onpektop [epxaBHoOi YycTaHOBM «IHCTUTYT MeaunyHoi
pagionorii Ta oHkonorii iM. C.M. Mpurop’eBa HauioHanbHoi
akagemii MeduyHUX Hayk YkpaiHu», OOKTOp MeanyHuX
Hayk, npodecop M.B. KpacHocenbCbkuii, JOKTOp Meany-
HMX Hayk, npodecop B.IM. CTapeHbkun.

BCTYN

BigoMo, WO KMCMNOTHO-NYXHUN GanaHC NyXNUHHUX
KNITUH  MPUHUMMNOBO  BIApPI3HAETBCS  Big  TOro,  LIO
CMoCTepiracTbCs y HoOpMarnbHUX TKkaHuHax [1]. XaoTnyHun
Ta HenpaBWIbHUIA aHrioreHes y NyXMnHHIA TKaHUHI cnpuyn-

The article is a fragment of the planned research
project of State Organization «Grigoriev Institute for
Medical Radiology and Oncology of the National
Academy of Medical Sciences of Ukraine» «Development
of the individual appoaches to antiblastomic therapy
in patients recovered from COVID-19», state registration
number: 0121U112052, applied, period for performance:
20222024, led by Director of State Organization
«Grigoriev Institute for Medical Radiology and Oncology
of the National Academy of Medical Sciences of Ukraine,
Doctor of Medical Sciences, Professor M.V. Krasnoselskyi;
Doctor of Medical Sciences, Professor V.P. Starenkyi.

INTRODUCTION

It is known that tumor cells have an acid-base balance
that is completely different to that observed in normal
tissues [1]. Chaotic and improper angiogenesis in the
tumor tissue causes deficit in O, perfusion in tumors,
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HsE aediumnT nepdysii O, y pakoBMX NyXMUHaxX Ta SHIKEHY
30aTHICTb 0 TPaHCMOPTYBaHHA MOXWUBHUX pPEYOBUH abo
BUOaneHHa MetaboniyHux BigxodiB 3 KIiTWH, WO LUBUAOKO
nponicepytoTb. [NOKCUYHI ocepedkn OpMYOTLCA BXe
Ha Bigctadi 100 MKM Big KPOBOHOCHUX CyOVH. Y Takux
MiCLSX 4acTO € BOTHMLLIEBA HEKPOTWYHa 30Ha, OTOYeHa
NEPUHEKPOTUYHOK 30HO, LIO XapaKTepusyeTbCs rimno-
KCUYHUM | KMCIIOTHUM cTaHoOM [2]. TnokcuMyHe Ta Kucne
MIKpOOTOYEHHA (Tabmn. 1), sKe CNpuUYMHEHE XPOHIYHUM
ancbanaHcoM  KNiTMHHOTO  rOMeocTasy, Lo BWHUKaE
B PaKoBUX KIiITUHaX, € OCHOBHUM (haKTOpOM, LLO CrpuUsie
nporpecyBaHHI0 NyXNUHWY, iHBasil Ta MmeTacTasyBaHHIo [3].

a decreased capacity to deliver nutrients or remove
metabolic waste from rapidly proliferating cells. Hypoxic
regions develop in tumor regions that are more than
100 ym away from blood vessels. At such locations,
there is often a focal necrotic zone, surrounded by
a peri-necrotic area, featuring hypoxic and acidic condi-
tions [2]. Hypoxic and acidic microenvironment (Table 1),
which is induced by the chronic imbalance of cellular
homeostasis occurring in cancer cells, is a main factor
driving tumor progression, invasion and metastases [3].

Ta6nuus 1. BHYTPILWHbOKNITUHHA Ta NO3aKMNiTUHHA KACMOTHICTb HOPManbHUX Ta NMYXIMHHUX KIiTUH
Table 1. Intracellular and extracellular acidity of normal and tumor cells [1]

Tun knituH / Type of cells

BHyTpiwHbokniTuHHMM pH / Intracellular pH

MosaknitnHHWM pH / Extracellular pH

HopwmanbHi knituHu / Normal cells

6,99-7,05

7,35-7,45

MyxnuHHi kNiTHKM / Tumor cells

7,12-7,70

6,20-6,90

BucokonponicdepaTtvBHi pakoBi KniTMHW BUPOGNSAOTL
BENnuKy Kinbkictb H*, Lo yTBOpPIOETLCA B pesynbrarti
rnikonidy Ta yTunisadii rnokosmn, metaboniamy aMmiHOKMCroT
Ta rigponizy AT®, wWo noB’A3aHO 3 BiATOKOM MPOTOHIB
i nosakniTMHHUM nigkucnenHam [4]. Llen cneundidHui
i naTtonoriyHnMin pesepc rpagieHta pH y pakoBux KriTuHax
i TKaHWHaxX, MOPIBHAHO 3 HOPMAanbHUMKU TKaHWHaMWM
(«NPOTOHHMIN  peBepc») 3apa3 BBaXaeTbCA  OOHIE
3 OCHOBHVX XapaKTEepUCTWK, LIO BWU3HAYalOTb MNYXIWHHI
KNiTUHW, fKa MOBHICTIO 3MiHIOE X TepMoguHamiyHun Ga-
naHc i MmonekynapHy eHepreTuky [1].

3a pgaHvmu [3] kncnvin nNos3akniTUHHUIA pH cTumynioe
nponicpepauito  KNiTUH,  CNPUSE  XiMIOPE3NCTEHTHOCTI
Ta MeTacTaTMYHOMY MOTeHuiany, ToAdi £K nigTpuMKa
NY>XHOTO BHYTPILLUHBOKMITUHHOIO cepefoBua MiaTpUuMye
PE3UCTEHTHICTb OO0 LIMTOTOKCUYHUX areHTiB. AHOManbHWUi
rpagieHT pH M nosakniTMHHMM cepemoBuLLEM | LUTO-
NNa3moto KNiITUHW PerynioeTbCs HU3KOK NOHHUX/MPOTOHHMX
HacociB (Tabn. 2), sknovatounm BakyonsapHy H+-ATdasy,
Na*/H-obmiHHukn (NHE — Na*/H* exchangers), MoHo-
kapbokcunatHi TpaHcnoptepn (MCT — monocarboxylate
transporters) Ta kap6oaHrigpasu [1, 4, 5]

HW3bkMn NO3akNiTUHHWIA  (BHYTPILLHBONYXNNHHWIA) pH
€ OCHOBHOIO MPUYMHOK HECNPUNHATAMBOCTI MYXIMHU Ha
nepeBaxHy OinbLUICTb LMTOTOKCMYHUX Npenaparis, ronos-
H/AM 4YMHOM 4epe3 Te, WO MyXIMHHE MIKPOOTOYEHHS,
6arate H*, npu3BognTb OO MPOTOHYBAHHA XiMioTepanes-
TUYHUX areHTiB, BUKMMKAOUYM K X HeWTpanisauilo nosa
KniTuHamn, Tak i 3anobiraHHA OOCATHEHHI HUMU BHYT-
PiLUHBOKMITUHHUX MiweHen [5, 33].

dapmakornoriyHe HauintosaHHsA Ha H/K*-AT®da3y € cTaH-
OapTHUM METOAOM nNiKyBaHHSA 3aXBOPKOBaHb, MOB’A3aHMX
i3 KMCMOTHICTIO LUMYHKOBOrO COKY Ta npu epaguvkauii
iHdpekuii Helicobacter pylori [3]. Okpim Aii Ha NpOTOHHWUNA
Hacoc (H*/K*-AT®agy), iHribiTopiB npoToHHOI nomnun (IMMT)
NPUrHiYy0Tb akTUBHICTL H*-AT®a3n. HegasHi gocnigxeHHs
nokasanu, wWo nonepeaHe 3acTtocyBaHHA MM nigsuLy-
Bano 4yTnuMBICTb CTIMKUX OO LMUTOTOKCUYHMX Mpenaparis
pakoBUX KNITUH, BKIOYaK4YM MenaHoMmy, nimdomy Ta
ageHokapumHomy wnyHka. Lli pesynsratm nepekoHnuBo
cBigyaTb Npo AouUinbHICTb BMBYeHHA MMM, sk noTeHuinHnX
areHTiB, L0 3MEHLUYIOTb XiMIOPE3NCTEHTHICTb [3].

MeTta po6oTtu. OxapakTepmnsyBatu Cy4acHi BiJOMOCTI
npo MOXNMBOCTI 3actocyBaHHs MM ang nogonaHHa pagio-
Ta XiMiOpe3UCTEHTHOCTI.

Highly proliferative cancer cells produce a large amount
of H* generated by glycolysis and glucose utilization,
amino acid metabolism and ATP hydrolysis, all associated
to proton efflux and extracellular acidification [4]. This spe-
cific and pathological reversal of the pH gradient in
cancer cells and tissues compared to normal tissues
(«proton reversal») is now considered to be one of the main
characteristics defining tumor cells that completely alters
their thermodynamic balance and molecular energetics [1].

According to the data [3], the acidic extracellular pH
drives cell proliferation, favors chemoresistance and
promotes metastatic potential whereas maintenance of
alkaline intracellular environment sustains resistance to
cytotoxic agents. The abnormal pH-gradient between
the extracellular environment and the cell cytoplasm is
mediated by different ion/proton pumps (Table 2), inclu-
ding vacuolar H*-ATPase, Na*/H-exchangers, mono-
carboxylate transporters, and carbonic anhydrases [1].

Low extracellular (intratumoral) pH is a major cause
of tumor unresponsiveness to the vast majority of cyto-
toxic drugs, mostly because the H*-rich tumor microen-
vironment leads to protonation of the chemotherapeutic
agent, causing both its neutralisation outside the cells
and prevention of reaching its intracellular targets [5, 33].

Pharmacological targeting of H*/K*-ATPase is a stan-
dard treatment method for gastric acid-related diseases
and Helicobacter pylori infection eradication [3]. Besides
targeting the proton pump (H*/K*-ATPase), PPls inhibit
the activity of H*-ATPase. Recent studies reported that
the pretreatment with PPIls increased the sensitivity of
drug-resistant cancer cells to cytotoxic drugs, including me-
lanoma, lymphoma, and gastric adenocarcinoma. These
results strongly suggest the relevance of studying PPIs
as potential agents that decrease chemoresistance [3].

The objective is to provide insight into the modern
data on the possibilities of the use of PPIs for overcoming
radio- and chemoresistance.
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Tabnuus 2. lNinepekcnpecoBaHi Ta/abo rinepdyHKLioHytYi TpPaHCMopTEPU NYXIUHHUX KNITUH
Table 2. Overexpressed and/or hyperfunctioning transporters of tumor cells [4, 5]

Tvin nomnun
ype of the pump

KniTnHHa nokanisauis
Cellular localization

DyHKLUis
Function

Tunun paky
Types of cancer

H*/K*-ATdasa
(npoToHHa nomna)
H*/K*-ATPase
(proton pump)

MnasmatuyHi Mmembpanu
KNiTUH
Plasma membrane

Perynsuis nosaknituHHoro pH
Regulation of extracellular pH

Binbwicme sudie paky, y m.u.:
Most types of cancer, including:
pak wnyHka [6]

stomach cancer [6]

pak nepeamixypoBoi 3anoau [7]
prostate cancer [7]

H*-AT®asa

(V (Vacuolar)-AT®a3za)
H*-ATPase
(Vacuolar-ATPase)

MnasmatuyHi membpanu
KNiTUH Ta opraHen
(engocomu, nisocomu,
CEKpETOPHi BE3MKyrnn)
Plasma and organelle
membranes
(endosomes, lysosomes,
secretory vesicles)

3aKnCcneHHsi No3akmiTMHHOTO
MIKPOOTOYEHHS Ta
€HJ0rMi30CoMarnbHOro
KOMMapTMEHTY [8]

Acidification of extracellular
microenvironment and
endolysosomal compartment [8]

pak rpyaHoi 3anoau [9]

breast cancer [9]

pak ctpasoxogy [10]

esophageal cancer [10]

paky MifLmyHKoBoi 3anosu [11]
pancreatic cancer [11]
HeApiBHOKNITUHHWIA pak nereHi [12]
non-small cell lung cancer [12]
NIMOCKOKITITUHHUIA Pak POTOBOI MOPOXHWUHM [13, 15]
squamous cell oral cancer [13, 15]
pak sieqHukiB [14]

ovarian cancer [14]

pak Wwuinku matku [15]

cervical cancer [15]
renaTouentonspHa kapuuHoma [16]
hepatocellular carcinoma [16]
rnioma [17]

glioma [17]

Na*/H*-06MiHHMK
Na*/H* exchanger
(NHE I, 11, IV =
Na*/H* exchangers)

Mna3matuyHi membpaHu
KNiTUH
Plasma membrane

Migny>KHeHHs LMTO30Mt0 Ta
NiAKNCIEHHS NO3aKMiTUHHOMO
MiKPOOTOYEHHSA
Alkalinization of cytosol and
acidification of extracellular
microenvironment

pak Wuinkn matkm [18]

cervical cancer [18]

pak rpyaHoi 3anosu [19]

breast cancer [19]

pak npaAmoi kuwwku [20]

rectal cancer [20]

pak nepeamixypoBoi 3anosu [21]
prostate cancer [21]

pak wnyHka [22]

stomach cancer [22]

H*/nakrat-
TpaHcnopTep
H*/lactate-transporter
(MCT I, I, IV -
monocarboxylate
transporters)

MnasmatuyHi Mmembpanu
KNiTUH
Plasma membrane

BuBeaeHHs nakraty 3
kaTaboniamy rmko3un Ta
NiAKUCINEHHN No3akniTUHHOIo
cepepoBuLLa

Elimination of lactate from
glucose metabolism and
acidification of extracellular
microenvironment

KonopekTanbHuin pak [23]
colorectal cancer [23]

pak rpyaHoi 3anosu [24]

breast cancer [24]

pak nepeamixypoBoi 3anosu [25]
prostate cancer [25]

pak nereHi [26]

lung cancer [26]

pak wnyHka [27]

stomach cancer [27]

KapboaHrigpasa IX/XII
Carbonic
anhydrase IX/XII

MnasmatuyHi Mmembpanu
KNiTUH
Plasma membrane

Perynsuis
BHYTPILLUHBOKNITUHHOTO pH

i rpagienTis pH

Regulation of intracellular pH
and pH gradients

Binbwicme gudie paKy [28], y m.u.:
Most types of cancer [28], including:

pak rpygHoi 3anosu [29]
breast cancer [29]

pak rornoBHoro mosky [30]
brain cancer [30]

pak nepeaMixypoBoi 3anosu [31]
prostate cancer [31]

pak nereni [32]

lung cancer [32]

MATEPIAAU TA METOAU AOCAIAXEHHA

Mipbip ny6nikauin

BMKOHAHO 3a 6asamu paHux
PubMed (https://pubmed.ncbi.nim.nih.gov/),
Business Collection (https://www.ebsco.com/), Clinical Key

MATERIALS AND METHODS

The selection of publications was performed in such

eBook databases as Pubmed (https://pubmed.ncbi.nim.nih.gov/),

eBook Business Collection (https://www.ebsco.com/),
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Elsevier (https://www.clinicalkey.com), Cochrane Library
(https://www.cochranelibrary.com/) Ta Google Scholar
(https://scholar.google.com/), y £Kux BUCBITNIOBaNMCb
BiOMOCTiI Mpo WNAXM A0 MNOoAONaHHA pagio- Ta Ximio-
PE3NCTEHTHOCTI MYyXMMHHMX KMiTUH 3a [OMOMOrOK iHribi-
TOpiB NPOTOHHOI nNomnu. Ha nepwwomMy eTani nposBoavnu
MOLYK NiTepaTypHUX pKepen 3a KIYOBUMMK CrOBaMMU:
pafiope3nCTEHTHICTb, iHMBITOPU NPOTOHHOI NOMMMX, MIKpPO-
OTOYEHHS NYXMMHHKX KNiTUH. Ha gpyroMmy eTtani BuB4anuch
pestoMe cTatel Ta BuMKMOYanucb  nybnikauii, Sk
He Bignosiganu KpuTepiam AocnifxeHHsa. Ha TpeTbomy
eTtani BMBYanM MOBHi TekcTM BigibpaHux cTaten Ha
BiOMNOBIAHICTb KPUTEPISIM BKIMOYEHHA A0 CMUCKY niTepa-
TYpu Ta peneBaHTHICTb AOCMIOXEHb.

PE3YABTATU TA iX OBFOBOPEHHS

CTifiKiCTb NYXIUHHUX KNITUH OO XiMiONPOMEHeBOI Tepa-
nii € OCHOBHOK KMiHIYHOIO NMPOGNEMOoLo, sika 3MIHIE CTaH-
[apT nikyBaHHS paky. ICHy04i Ha 4aHW MOMEHT pafioCeHcu-
Oinizatopn, Taki Sk UMCMNATMH Ta iHWI UUTOTOKCUYHI
areHTu, € HECENeKTMBHUMM, Ta 4YacTO MOB’'A3aHi 3 BENUKOIO
KINbKICTIO MOBIYHUX edeKTiB, BKIMOYaK4YM OTOTOKCUYHICTb,
BMMNafaHHA BOJIOCCH, @ TakOX remaTororivyHi Ta cepueBo-
CYAVIHHI ycKnagHeHHs. BignoeigHo, € HeoOXigHICTb noLwuy-
Ky Ta po3pobku Ginbl 6e3neyHnx Ta edekTUBHUX pagio-
ceHcubinizatopiB. OpHielo i3 cTpaTerii € CKpUHIHT cepefn
iICHYHOUMX NpenapariB, BKIOYaK4n Ti, SKi CNOYaTKy CXBaneHi
0N HEOHKOIOTiYHMX MOKa3aHb A0 3acToCyBaHHA [34].

KMCNOTHICTb MIKPOOTOYEHHSI MYXNWHHWUX KNiTUH CTae
KMOYOBOIO METOI0 HOBOI epu NiKyBaHHSA paky. PakTu4Ho,
X04a paK XxapakTepu3yeTbCs FeHETUYHOK FEeTEPOreHHICTIO,
MO3akniTUHHa KWCMOTHICTb € 3aranbHUM  (DEHOTUNOM
mavixe Bcix Bugie paky [35]. Jobpe Bigomo, WO pakosi
KNiTUHWM NOMMUHaTb HabaraTo GinbLue rMKo3un, HiXX Hop-
MarnbHi KNiTUHW, i B OCHOBHOMY MepepobnsaTb ii yepes
aepobHuI mikoni3, Tak 3BaHWi «edekT BapOypra» [36].
Lle siBuLLe Npu3BOAMTE OO NEPETBOPEHHSA OfHIEI MONeKynu
FMOKO3N B ABi MOMNEKYNU MOMOYHOI kucnotm Ta 2H* 3
yTBOpeHHAM 2AT® ([mioko3a + 2A0P — 2ATO + 2 nakTaty +
2H* + 2H?0), nopiBHsAHO 3 36 AT® (puc. 1), WO yTBOPIOETLCS
B pe3ynbraTi OkucHoro metaboniamy [37, 38].

Clinical Key Elsevier (https://www.clinicalkey.com),
Cochrane Library  (https://www.cochranelibrary.com/),
and Google Scholar (https://scholar.google.com/) in
which the data on the ways of overcoming radio- and
chemoresistance of tumor cells using PPIs were des-
cribed. At the first stage, the search of literature sources
was carried out by the following keywords: radioresistance,
proton pump inhibitors, tumor cell microenvironment.
At the second stage, the abstracts of the articles were
studied, and those publications that did not match the
criteria of our work were excluded. At the third stage,
full texts of the selected articles were studied for rele-
vance and eligibility to be included in the references.

RESULTS AND DISCUSSION

The resistance of cancer cells to chemoradiation
therapy is a major clinical challenge confounding standard
of care in cancer. Currently available radiosensitizers, such
as cisplatin and other cytotoxic agents, are non-selective
and often associated with a plethora of side effects inclu-
ding ototoxicity, hair loss, as well as hematological and
cardiovascular complications. Accordingly, there is a need
to search and develop safer and more effective radio-
sensitizers. One strategy is to screen among existing
drugs including those that are originally approved
for non-oncologic indications [34].

Acidic tumor cell microenvironment is becoming a key
target for the new age of cancer treatment. In fact,
while cancer is characterized by genetic heterogeneity,
extracellular acidity is a common phenotype of almost
all cancers [35]. It is well known that compared with normal
cells, cancer cells consume much more glucose and
mainly process it through aerobic glycolysis, the so-called
«Warburg effect» [36]. This phenomenon leads to the
conversion of one molecule of glucose into two molecules
of lactic acid and 2H+ to produce 2 ATP (Glucose +
2ADP — 2ATP + 2 lactates + 2H* + 2H,0), compared to
36 ATP (Fig. 1) produced by oxidative metabolism [37, 38].

\ i;carbory[abe H*
| |mansporter

Puc. 1. Metaboni3m rmoko3n 3a HOPMOKCUYHKX Ta FiMOKCUYHMX yMoB [38]
Fig. 1. Glucose metabolism under normoxic and hypoxic conditions [38]
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MopiGHM rnikoni3 y MyXAMHHMX KMiTUHaxX Ccrpusie
aHoMarnbHO BUCOKIA LUBWOKOCTI yTunisauil rnoKosn, LWo,
y CBOK 4epry, Npu3BoAMTb OO HAKOMUYEHHS MOIOYHOI
KMCNOTK Ta NPOAYKLUii BENUKOI KinbkocTi H*, nos’szaHoi 3
BiJTOKOM MPOTOHIB i 3HWXEHHAM nosakniTuHHoro pH [39].
IHTEHCUBHWUN [MiKONI3, T8 BUCOKMUI BMICT BYITIEKUCIIOrO rasy,
WO YTBOPKETLCA Mif Yac MITOXOHAPIanbHOro AMXaHHSA
pakoBUX KITUH, MOXYTb CMPUSATU 3HAYHOMY BMBINIbHEH-
HI0 H* y nosakniTuHHe cepeposulie nyxnuHu [35, 40, 41].
[TOBHE OKUCHEHHSI OfHIEI MOMEeKynu roKo3n OO BYyrre-
KUCMOro rasy CynpoBOMKYETbLCA YTBOPEHHAM GHCO,”
Ta 6H", WwWo npmn3BoanTb A0 BTPUUi GinbLLoro BUpobneHHst H*,
HiXK KON INoKo3a NepeTBOPOETLCA Ha naktat [40, 41].

[lBoma HanbinbL BUBYEHUMHW perynsatopamu MeMopaH-
Horo oOMiHy npoToHiB € BakyonspHi H*-AT®asu Ta
kapboaHrigpasu IX/XIl [42]. AHOManbHa aKTUBHICTb LIMX
TpaHCNOPTEPIB CTBOPIOKOTL 3BOPOTHUW rpagieHT pH Ha
nnasMaTu4Hii  MeMOpaHi, SIKMA BBaXAETbCsl O3HAKOH
3M0SAKICHOCTI: NO3akNiTUHHa KUCIOTHICTb Ta NyXHi yMOBU
B unTo3oni [5, 33, 43]. No3akniTUHHA KUCAOTHICTb NYXMMHU
BBaXa€ETbCA BUpIWAnbHUM (DEHOTUMNOM 3MOSKICHUX MyX-
NVH | He3amnmexHo Bi4 TiCTOTUMY NyXNUMHW NPU3BOAUTH
[0 PO3BUTKY KNITWH, 30aTHUX BWXMBATW B TaKOMY MIKpO-
cepepoBuli. BapTo 3asHauMTK, WO HOpMarnbHi KAITUHK
npu pH Big Ayxe kucnoro Ao cnabokucnoro rmHytb abo
NoBHICTIO GrnokytoTbest y cBoiX dhyHkuisix [35, 43]. 3 wuiei
npu4nHK kucnum pH conigHux nyxnuH GyB 3anponoHoBa-
HWIA 9K TepaneBTMYHa MilleHb Ta HOBa CMCTEMAa [OCTaBKU
nikiB ANs CeNeKTUBHOIo NPOTUNYXIMHHOIO NikyBaHHSA [35].

Ha cborogHi ogHUMM 3  HaWbinbll  BU3HAHUMMU
3a KMiHIYHOI eeKTUBHICTIO MoaynsaTopamMm MemMopaHHMX
H*-TpaHcnoptepie Buctynatotb I (omenpason, e3o-
Menpasor, NaHToNpas3on Ta iH.), SKi, K BiJOMO, NPUrHIYyOTb
CeKpeLito  LUMYHKOBOI  KUCMOTW  LUMASXOM  B3aemogil
3 H'/K*-AT®-a3n. Big momeHTy cxBaneHHs FDA (Food
and Drug Administration, CLUA) nepworo IMNIM — omenpa-
3ony y 1989 poui, sk 3acoby ansa nikyBaHHA ractpoeso-
(hareanbHOI pedontokCHOT XBOpobu, 3a ocTaHHi 30 pokis
npenapaTtu Uiei rpynn 3Ha4YHOIO MIpOK0 3aMiHUNW aHTaro-
HiCTU ricTaMiHOBMX H,-peuienTopiB y nikyBaHHi BinbLoCTi
rinepaumaHuX cTaHiB y KniHiui ractpoeHTeponorii [44].

Oexinbka pocnigkeHb BusBunu, wo MM iHribytoTb
He nuwe H'/K*-ATda3zy B napieTanbHuUX KniTMHax LunyHKa,
a n BakyonspHy H+-AT®azy (V-AT®asy), nigBuieHa
eKkcnpecia gKol BiAMIMAETbCA Yy MYXNUHHUX  KMiTUHAX
[4, 45, 46]. Hu3ka kniHiYHMX JoCnigpKeHb nokasanu, Lo
INM MatoTb UiHHI edekTn 3a MexaMu LUMYHKOBO-KULLIKO-
BOrO TPaKTy, BKIHOYAKYM MPOTUMYXIMHHY, XiMioceHcubini-
3ylouy Ta pagioceHcubinidytody Aii.

HokniniyHo MM npogemMoHCTpyBanu CyTTEBY NPOTU-
NyXINWHHY, XiMioceHCMBinisytody Ta pagioceHcuOinizytody
Oil, Aka BMXOOUTb 3a MeXi OHKOMOriYHOI NaTonorii WnyHka
Ta ctpaBoxopgy [43] (tabn. 3).

[onoBHEHHA cxeMu NPOTUNYXMUHHOrO fikyBaHHs 1M1
NpPoOAEMOHCTPYBano egeKTUBHICTb NpU 3MOSAKICHUX Npo-
Luecax pi3HOI nokanisauii, BKNOYalTb pak MigwmnyHKoBOI
3ano3un [57], konopekTanbHui pak [58], pak sevHukis [59],
pak nepeamixypoBoi 3anoau [60], pak rpygHol 3anosm [61],
pak nereHis [34], menaHomy [62], nimdomy [49], maeno-
My [63], ocTeocapkomy [64], nenkemito [65] Ta iH. Lia wnpoka
npotunyxnuHHa akTtueHicTe MM, MMOBIpHO, noB’sAI3aHa
3 ix nneoTponHuMu edekTamu. 3a JaHMMKU niTepaTypw,
ineHTndikoBaHo 84 3aBeplleHMX abo TpuBalUMX KiHIY-
HUX pocnimpxkeHb edekTnsHocTi MM Ak NPOTUNYXIMHHUX
npenapariB (www.clinicaltrials.gov), fki Bkno4aloTbL BBe-
OEeHHSA npuHanMHi ogHoro [N xBopum Ha pak [34].

Similar glycolysis in tumor cells promotes an abnor-
mally high rate of glucose utilization, which, in turn, leads
to the accumulation of lactic acid and to the production
of a large amount of H* associated with proton efflux
and extracellular pH reduction [39]. Intensive glycolysis
and high content of carbon dioxide that is generated
during the mitochondrial respiration of tumor cells can
contribute to significant H* efflux into the extracellular
environment of the tumor [35, 40, 41]. Complete oxidation
of one molecule of glucose to carbon dioxide is accom-
panied with generation of 6HCO,  and 6H*, resulting
in three times greater production of H* than when glucose
is converted to lactate [40, 41].

Two of the most studied proton flux regulators are
vacuolar H*-ATPases and carbonic anhydrases IX/XII [42].
The aberrant activity of these transporters creates
a reversed pH gradient across the plasma membrane
that is considered a hallmark of malignancy: extracellular
acidity and alkaline conditions in the cytosol [5, 33, 43].
Extracellular acidity of the tumor is considered a crucial
phenotype of malignant tumors that, independently from
the tumor histotype, leads to the development of cells
able to survive in such microenvironment. Notably, normal
cells at pH ranging from very acidic to weakly acidic die
or are entirely blocked in their functions [35, 43]. For this
reason, the acidic pH of solid tumors has been proposed
as a therapeutic target and a drug delivery system for
selective anticancer treatment [35].

To date, the most clinically effective modulators
of H* membrane transporters are PPls (omeprazole,
esomeprazole, pantoprazole) that, as it is known, inhibit
secretion of gastric acid by interacting with H*/K*-ATPase.
Since the approval of omeprazole, the first PPIl, by FDA
(Food and Drug Administration, the USA) as a drug for
treating gastroesophageal reflux disease in 1989, PPls
have largely replaced histamine H,-receptor antagonists
in the treatment of most hyper-acidic conditions in the
branch of gastroenterology [44].

Several studies have revealed that PPIs inhibit not only
the H'/K*-ATPase in gastric parietal cells, but also the
vacuolar H*-ATPase (V-ATPase) overexpressed in tumor
cells [4, 45, 46]. A range of clinical studies have shown that
PPIs have valuable effects outside the gastrointestinal tract,
including antitumor, chemo- and radiosensitizing effects.

Pretreatment with PPIs has demonstrated significant
antitumor, chemo-, and radiosensitizing effects that go be-
yond cancer pathology of stomach and esophagus (Table 3).

The addition of PPIs to antitumor treatment regimen
has demonstrated effectiveness in tumor processes
of different localization, including those in pancreatic can-
cer [57], colorectal cancer [58], ovarian cancer [59],
prostate cancer [60], breast cancer [61], lung cancer [34],
melanoma [62], lymphoma [49], myeloma [63], osteosar-
coma [64], leukemia [65], etc. This broad antitumor
activity of PPIs is presumably linked to their pleiotropic
effects. According to literature data, 84 finished or ongoing
clinical trials of effectiveness of PPIs as antitumor drugs
(www.clinicaltrials.gov) that involve administration of at
least one PPI in cancer patients have been identified [34].

It is well known that PPIs are prodrugs needing proto-
nation in acidic environment to be transformed into the
active molecule, while chemical antitumor drugs are
mostly weak bases, undergoing neutralization outside the
tumor cells by protonation [66, 67]. Thus, while acidity
represents a potent mechanism of tumor resistance to
drugs, PPIs exploit tumor acidity to become functional [68].
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Ta6nuua 3. MNyxnuHHI KNITUHHI NiHIT Ta NyXNWMHW, YyTNUBI 40 NPUrHiYeHHS NPOTOHHOT nomnn [43]
Table 3. Tumor cell lines and tumors that are sensitive to inhibition of the proton pump [43]

FicToTnn nyxnuHu NioanMHN XimioceHcnbinisauis MpoTunyxnuHHU edpext MocunaHHs
Tumor histotype Chemosensitization Antitumor effect Reference
uncnnatuH/5-cpropypauun/ LintotokcnyHa gis
MenaHoma BiHGNacTWH/ gokcopybiumH ocepefkoBaHa kacnasamu
- : c -mediated cytotoxic effect (48, 49, 50]
Melanoma cisplatin/ 5-fluororacil/ aspase-medialed Cyloloxic efiec
vinblastine/ doxorubicin
i . . . LintotokcnyHa fis
B-knituHa nimgoma B.'H6naC.TMH/ HOKCOPY@HMH He ocepefKoBaHa kacnasamu [35, 49, 50]
B-cell lymphoma vinblastine/ doxorubicin . .
Non-caspase-mediated cytotoxic effect
T-kniTHHa nimcoma LivTotokcuira Ais
T-cell lymphoma ocepefkoBaHa Kacnasamu [49, 50]
Caspase-mediated cytotoxic effect
Pak rpyaHoi 3anosmu uncnnatuH/ 5-ptopypaumn/ BiH6nacTuH 48]
Breast cancer cisplatin/ 5-fluororacil/ vinblastine
Pak TOBCTOI KMLLKK umnennaTuH/5-propypaumn 48]
Colon cancer cisplatin/ 5-fluororacil
Pak wnyHka uncnnatuH/ 5-pTopypaumn /gokcopy6iunH | LintoTokcnyHa gis, anonTto3 52, 54]
Stomach cancer cisplatin/ 5-fluororacil/doxorubicin Cytotoxic effect, apoptosis !
Pak seyHukis uncnnatuH/ 5-dpTopypaumn/siHnactnH 48]
Ovarian cancer cisplatin/ 5-fluororacil/ vinblastine
Octeocapkoma umcnnaTuH [47]
Osteosarcoma cisplatin
Pak neviHkn MpurHiveHHs nponicpepauii (53, 55]
Liver cancer Inhibition of proliferation ’
XonaHriokapunHoma LintotokcmnyHa gis, anonto3 [56]
Cholangiocarcinoma Cytotoxic effect, apoptosis

Do6pe Bigomo, wo IMNM € nponikamu, siki NOTpebyoTb
MPOTOHYBaHHSI B KUCMOMY cepefoBuLli, wob TpaHcdop-
MyBaTMUCsl B aKTUBHY MONeEKyrny, ToAi siKk XiMiyHi npoTu-
NYXMWHHI NpenapaTn € nepeBaxHO crnabkumu OCHOBamu,
SKi  3a3HaloTb HenTpanisauii nosa MNyXNUHHUMK - KNiTU-
HaMW LWIMASIXOM MPOTOHYBaHHSA [66, 67]. Takum YMHOM, Xoya
KUCMNOTHICTb € MOTYXXHUM MeXaHi3MOM PEe3NCTEHTHOCTI
nyxnuHn go nikis, MM BUKOPUCTOBYE KWUCMOTHICTb MNyX-
NYHK, o6 akTUByBaTK BriacHy (yHKLiOHanbHICTb [68].

Pesynstratn gocnigxeHb De Milito et al. wopno snnusy
nonepeaHboro 3actocyBaHHsa Ml Ha picT menaHomu
Ta OCTEOCapKOMW, a TakoX YYTNMBICTb OO LMCMnaTuHy
BusBUNW, WO BBedeHHA I nigBuwyBano 4yTnuMBICTb
KNITUHHMX AiHIR NyXNnHW 8o Aii umennatuHy [69].

Luciani F. Ta cniaBT. [48] ouUiHUNN YyTNUBICTb KiNbKOX
PE3UCTEHTHUX A0 MiKyBaHHA KMITUHHUX MiHi paky MoguHn
nicna nikysaHHa IMMN e3omenpa3onom Ta OMenpasonom,
i ixHi gaHi nokasylTb, WO nonepenHst o6pobka pakoBKX
kniTvH MM npr3sena Jo 3MEHLWWEHHS BENVYUHU MOMOBUH-
HOI MakcMManbHOi iHribytodoi KoHueHTpauii (IC50) gns
ximioTepaneBTMYHUX 3acobiB uUuUcnnaTuHy, BiHONacTUHY
Ta 5-bTOopypaumny, nopiBHsHO 3 kOHTpornem 6e3 IMM.
Kpim Toro, ix in vivo gocnigjxeHHs nokasano, Lo nonepea-
Hsi o6pobka npuwenneHux nyxnud IMM nigeuwye vyTnu-
BiCTb MYXMMHHWUX KMNiTUH A0 LUCMNATWHY, WO MPWU3BOAUTH
[0 3HAYHOro 3MEHLLUEHHs1 Macu NyxnuHu [34, 48].

Wang X. T1a cniBaBT. [70] BcTtaHosunu, wo MM
nigBuLLYIOTb XiMIOYYTNMBICTE MaUieHTIB i3 nporpecyoynm
KonopekTanbHUM pakom [o S-dpropypaumny. lMauieHTtn,
ski otpumysanu MMM, manu kpawly 3aranbHy BWXMBaHICTb
i BWXMBaHiCTb 0e3 nporpecyBaHHsl, HiX NaUiEHTH, sKi
He oTpumyBanu IMMM nig yac ximiotepanii. Yactota HygoTtn
Ta OnoBaHHs TakoX Oyna HWX4YOKW Yy nauieHTiB, ski O
TpumyBanu I, Hix y Tux, xT0 He otpumysas I[I1.
Lli pesynstatn BkasywTb Ha Te, wo MM moxyTs ByTn

The results of studies performed by De Milito et al.
evaluating the effects of PPI pretreatment on melanoma
and osteosarcoma growth and cisplatin sensitivity have
revealed that adminisration of PPIs increased sensitivity
of tumor cell lines to cisplatin effect [69].

Luciani F. et al. [48] assessed the sensitivity of several
treatment-resistant human cancer cell lines upon treat-
ment with the PPls esomeprazole and omeprazole,
and their data shows that pretreatment of the cancer cells
with the PPIs resulted in order of magnitude reduction
in the half maximal inhibitory concentration (IC50) values
for the chemotherapeutic agents cisplatin, vinblastine
and 5-fluorouracil compared to no PPI control. Additionally,
their in vivo study demonstrated that pretreatment
of engrafted tumors with PPls increased sensitivity of
the tumor cells to cisplatin resulting in significant reduction
in tumor weight [34, 48].

Wang X. et al. [70] found that PPIs increased chemo-
sensitivity to 5-fluororacil in patients with advanced colo-
rectal cancer. Patients who received PPls had better
overall survival and progression-free survival than pati-
ents who did not receive PPIs. The incidence of nausea
and vomiting was also lower in patients receiving PPls
than in those who did not receive PPIs. These results
indicate that PPIs may be successfully incorporated
into the treatment regimen to increase the chemothera-
peutic effect for patients with colorectal cancer [73].

Tozzi M. et al. [71] demonstrated that PPIs reduced
pancreatic adenocarcinoma progression. The researchers
showed that PPl pantoprazole significantly reduced
human cancer cell proliferation by inhibiting cellular
H* extrusion, increasing K* conductance and promoting
cyclin D1-dependent cell cycle arrest and preventing
STAT3 (signal transducer and activator of transcription 3)
signaling protein activation. Pantoprazole also decreased
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YCNiLWIHO BKMOYEHi B NiKyBanbHUA PEXUM ANS MOCUIEHHS
XiMioTepaneBTUYHOTO eeKTy AN MauieHTiB 3 Koropek-
TanbHUM pakom [73].

Tozzi M. Ta cnisaBT. [7/1] npogemMoOHCTpyBanu, Lo
MM 3MeHLWYyTb NporpecyBaHHs adeHOKapuMHOMK nig-
LWAYHKOBOI 3ano3un. [ocnigHukamu npogeMOHCTPOBaHO,
wo IMMN naHTOMpason CyTTEBO 3HWXYBaB nponidepadito
pakoBUX KNITUH JIOAMHU LUNSXOM iHFiOyBaHHA KNiTUHHOI
ekcTpysii H*, nigBuweHHa K* NpoBIAHOCTI Ta CrpUSIHHA
3ynuHUi LumkniH-D1-3aneXHoro kniTMHHOro Lnkny Ta 3anobi-
raHH akTuBauii curHaneHoro Ginka STAT3 (signal trans-
ducer and activator of transcription 3). [MaHTonpa3son
TaKOXX 3MEHLUYBaB CEKpeLilo KonareHy i3 3ipyactux
KNITUH NigWnyHKoBOI 3ano3n. Baxnueo, Wwo gocnigXeHHs
in vivo NOKasyloTb, WO MiKyBaHHS NaHTOMNPa3oroM MULLIEN
i3 MyxnMHamMyM 3MEHLYBano po3mip MyxnuHu, ¢ibpos
i ekcnpecito aHrioreHHMx Mapkepis. Lla poborta pgana
nepwi poBegeHHs Toro, wo HY/K*-ATdasn cnpustoTb
NporpecyBaHHI0 MPOTOKOBOI afeHOKapLUUHOMM MigLuTyH-
KOBOI 3armo3n i WO Ha HMX MOXYTb Hauinosatucsa MM,
a ue € Oaratooliusio4old TepaneBTUYHOKW CTpaTerieto
npw BKasaHiv naTonorir.

Po6otn Irrera P. Ta cniBaBT. [72] nokasanu, wo MM
MOXYTb BMMAMBATM Ha BWXUBAHICTb KNiTWUH in  vitro
Ta 3MiHOBaTW MO3aKMiTUHHI 3Ha4YeHHs pH OO0 MeHW Kuc-
NOTHUX 3HAYeHb Y KMITUHHUX MiHIAX paky nepeamixypoBoi
3ano3u NanHN.

Pesynetatn gocnigxeHb Lindner K. Ta cniBaBT. [74]
3acsigunnu, wo IMMN BnnnMBaoTb Ha BWKMBAHICTb MyXITWH-
HUX KMITUH, MeTacTaTU4HWUIA MOTeHLUian i pesnMCTEHTHICTb
0o ximioTepanii, a TakoX BNMMBalOTb Ha EKCMNPECI0 BaXu-
BUX ANs pe3ncTteHTHocTi MikpoPHK npu paky ctpasoxogy.

Wang C.J. Ta cniBaBrT. [75] nokazanu, [N npurHivyoTe
BWXKMBAHHSA KIITUH paky MOMOYHOI 3aro3n  LUSISIXOM
HaUiNIOBaHHS Ha CUHTA3Y XXMPHUX KUCIIOT, WO NPU3BOAUTb
0O anonTo3y BHACMIOOK OKUCHUX nowkomkeHb [OHK
i ceHcmbinisauii KNiITMHHOT CTIMKOCTI A0 AOKcopybGiunHy Ta
iOHI3y04Oro BMMPOMIHIOBAHHSA. BMBYEHHS MeanvHux KapT
6754 xBOpUX Ha pak MOSTIOYHOI 3211031 Nokasano, Lo BUKO-
puctaHHs MM 3Ha4YHO 36iNbLWMMIO 3aranbHy BUKUBAHICTb
i 3MEHLUMITO peunamBu 3axXBOPIOBAHHS Y LIMX NaLiEHTIB,
WO [O03BONSIE poO3rnsagaTM MOXIMBICTE Nepenpoqinto-
BaHHA MMM Ak NpoTUNYXNMHHUX NpenapartiB Ans nikyBaHHA
paKy MOMOYHOI 3anosu.

Y pocnigkeHHi [76] OKpecrneHo Kinbka MexaHi3MmiB,
3a JOMOMOrOK AKMX PaKoBi KMNiTUHU PO3BMBalOTb CTINKICTb
00 NpOMeHeBOl Tepanii Kpisb MPU3My PO3YMIHHSA TOro,
ak IMMN MoxyTb nogonatv U pajiauiiHy CTiRKiCTb.
HoBi pocnigxeHHs BkasdyloTb Ha Te, wo MM MoxyTb
NOCUNUTM  eeKT iOHI3yl4oro BUMPOMIHIOBAHHSA  Ans
MOKpPaLLEeHHs] KOHTPOSO MYyXJINH, O CMOHYKAe BUKOPUC-
TOByBaTM LUMPOKMIA 3anac 0e3nekM Ta MreoTPOMnHUN
edekt IMMN ANg NiABULLEHHS YYTNMBOCTI PakoBUX KITiTWH
[0 NMpoMeHeBOi Ta XiMionpomeHeBoi Tepanii. OuikyeTbcs,
Wo HOBi  cTparerii  NPOTUMYXNUHHOIMO  NiKyBaHHA
3 3actocyBaHHaM I nigeywaTte TepaneBTUYHUIA iHAEKC
LWNAXOM 3MEHLUEHHS CMPUYMHEHOT pajiauieto  TOKCKY-
HOCTI HOpManbHWUX TKaHuH [77]. Bpaxosytouu, wo MM
€ npenapatamu, cxsaneHumum FDA, BOHW MatoTb MOTEH-
Lian Ang LWBWMAOKOrO BMPOBAMKEHHSA B KIiHIKY OHKONOTii
3 HOBMM npodbinem — pagio-/ximioceHcnbinisaTopu.

BUCHOBKMH

Kucnmn natepH no3akniTUHHOrO MiKPOOTOYEHHST MyX-
NUHHUX KNITUH CTUMYNIOE nponidepauito, cnpuse Ximio-

collagen secretion from pancreatic stellate cells.
Importantly, in vivo studies show that pantoprazole
treatment of tumor-bearing mice reduced tumor size,
fibrosis and expression of angiogenic markers. This work
provided the first evidence that H*, K*-ATPases contribute
to pancreatic ductal adenocarcinoma progression
and that these can be targeted by PPIs, thus proving
a promising therapeutic strategy in this pathology.

The works performed by Irrera P. et al. [72] showed
that PPls can affect in vitro cell survival and modify
extracellular pH values towards less acidic values in
human prostate cancer cell lines.

The results of the studies conducted by Lindner K.
et al. [74] reported that PPls impacted on tumor cell
survival, metastatic potential and resistance to chemo-
therapy, and they also affected the expression of
resistance-relevant miRNAs in esophageal cancer.

Wang C.J. et al. [75] showed that PPIs suppressed
breast cancer cell survival by targeting fatty acid synthase,
resulting in apoptosis from oxidative DNA damages
and sensitization of cellular resistance to doxorubicin and
ionizing radiation. Mining electronic medical records of
6754 breast cancer patients showed that PPl usage
significantly increased overall survival and reduced
disease recurrence of these patients. This fact allows
the possibility of repurposing PPls as anticancer drugs
for breast cancer treatment to be considered.

In the study by Hebert K. et al. [76] several mecha-
nisms by which cancer cells develop resistance to
radiation therapy are outlined through the lens of under-
standing how PPIs may overcome the radioresistance.
New studies indicate that PPIs may also enhance the
effect of ionizing radiation to improve tumor control, thus
urging the wide safety margin and pleiotropic effect
of PPIs to be leveraged to sensitize cancer cells to
radiation and chemoradiation therapy. New strategies
of antitumor treatment with the use of PPIs are expected
to increase the therapeutic index by reducing radiation-
induced normal tissue toxicity [77]. Given that PPls are
FDA-approved drugs, they have the potential to be
fast-tracked into the clinic of oncology with a new profile —
radio-/chemosensitizers.

CONCLUSIONS

The acidic pattern of the tumor cell microenvironment
drives cell proliferation, favors chemoresistance and
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PEe3NCTEHTHOCTI Ta MeTacTaTUYHOMY MOTeHuiany, Togi sk
NigTPUMKa NY>XHOrO BHYTPILUHLOKMITUHHOrO pH niaTpumye
PE3NCTEHTHICTb A0 UMUTOTOKCUYHMX areHTiB. Moaynsauis

KMCIIOr0O  MIKPOOTOYEHHS  NMYXJIMHHUX

KNiTUH  BUCTYNae

NepCneKTUBHUM HaMpsSMKOM MPOTUMYXIIMHHOIO NiKyBaHHS.
[onoBHeHHA cxemu nikyBaHHsA MMM npogemoHcTpyBano
eeKTUBHICTb NPU MNyXMAMHHMX Mnpouecax pi3HOl fokani-

3auli,

30KpemMa, y pasi KOJIopeKTanbHOro paky, paky

SEYHUKIB, NereHis, paky MiaWnyHKoBOI, nepeamixypoBoi
Ta rpygHol 3anos.
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HepcneK‘ruBM MOAQAbLUUX AOCAIAXEHD

OTpumaHi 3a pesynsratamy aHanisy nirepaTypHux Okepen AaHi
BKa3yloTb Ha NepCrneKTUBHICTb NPOBEAEHHS B YKPaiHi AOKNIHIYHUX
Ta KniHiYHMX gocnigpkeHb edpektnsHocTi MM 9k HOBUX pagio-
Ta ximioceHcmbiniaytounx npenaparis.

KoHAIKT iHTepeciB

ABTOpU pyKOMUCy CBIAOMO 3acBiA4ylOTb BiACYTHICTb (PaKTU4HOrO
abo noTeHUinHOro KOHMNIKTY iHTepeciB LWOAO pesynbraTtie
uiei pobotn 3 apmaueBTUYHUMKM KOMMaHIAMW, BUPOGHMKaMM
BbioMeanyHMX NPUCTPOIB, iHLWIMMKW OpraHisauisMu, 4ni NPoOAyKTW,
nocnyru, iHaHcoBa niATPMMKa MOXyTb OyTM MOB’A3aHi
3 npegMeToM HajaHux Mmatepianis abo sk crnoHcopysanu
npoBeaeHi AOCMIAXEHHS.

IHcbopmauis Nnpo doiHaOHCYBAHHS

Po6ota diHaHcyeTbes 3 [lepxaBHoro 6romkeTy YkpaiHu.
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Prospects for further research

The obtained data from the analysis of literature sources indicate
the potential of conducting preclinical and clinical trials of the
effectiveness of PPIs as the new radio- and chemosensitizing
drugs in Ukraine.
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