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INEPIAHYH

To pkpoBlwpa amotelel éva moAvmoikido cUoua, TO00 o€ €N 660 Kal
oe mooomTa piKpoBiwy, TO 0Tol0 EUTALKETAL OE SLAPOPES PUOLOAOYLKES
Agttoupyies. Alatapagn, Lelwom 1 avicoppoTia TwV EWSWV TOU UIKPOPLWUATOG
amotelel mapayovta Yyl SLA@opes TABOEUGCLOAOYIKEG SLATAPAYES, OTIWG
oakxapwdn Stafntn, Taxvoapkio Kat kapdlayyelakd voorpata. H @Agypovr)
Kot To 0&eldwTikd oTpeg Selyvouv va eivar kOplot aAAnAocuvSedpevol
unxaviopol mou odnyolv GTNV EUPAVIOT] QUTWV TWV SLATAPUYXWV HECW
Tou pkpoBlnpatos. Koplo poro oe autés Tig Swadikaoieg mailet o G&ovag
WKPOPLOUATOG-EVTEPOV-EYKEPAAOD, €VOG  TEPITTAOKOU  TIOAV-0PYOVIKOU
OoLOTIUATOG ApEISPOUNG ONUATOSOTNONG LETAED TG EVTEPLKTG YAwpPIdag Kat
TOU EYKEPAAOV, EMMPEATOVTOS TN PUCLoAoYIX TOU EEVIOTT), TNV OLOLOGTACT,
TNV aVATITUEN KAl TO HETAPOAIOMO KAl TPOTOTOLWVTAS TO CUOTNUATIKO
KOl EVTEPIKO QVOGOTIOMTIKO GUGTNUA. XTN BACT QUTWV TWV UNYAVICUWY,
TO JkpoBiwpa @atvetal 6Tl oxetiletal Kat pe ™V ekdnAwon Kot eEEAln
ocoBapwv Puxikwv voocwv, 0Tov To WMKpoPlwpa oAAQ kot SelkTeg ™G
(pAeypovng Bplokovtal TpomoTomuEVa g QUTEG TIG TaBNoELS, Kal TBavov
0€ UTO VO EUTIAEKETOAL KOL 1] ELPAVLOT) AOLUTIWV ETUTAOK®V TWV VOOWV QUTWV
oV TepLpépela. Emiong, 1 @appakeuTiKy aywyn EVavTL TwV VOOWY auTwV
UTTOPEL VO TPOTIOTIOW)GEL T YAWPISA TOL EVTEPOV IOV EUTIAEKETAL 0T GUVOEOT
VEUPOSPAGTIKWV, PAEYLOVWEWV, KoL GAA®WY 0UGL®V. Ot LETABOAIKEG ETLTTAOKES
SLPOPWY PAPUAKWY SELXVEL VX GUVSEETAL EV EPEL KAL LLE TO TPOTIOTIOWLLEVO
pikpoBiwpa. Me Baon Ta avwTéPw TPOKVTITEL OTL TAL LIKPOSLA TOU EVTEPOV
Kot Ta TTpoBLoTikd Ba propovoayv va aiéouy 6NUavTIKO pOA0 TNV AVATITUEN,
pLBLEN KAl AELITOVPYIX TOU EYKEQPOAOL KABWG KAl GTNV amoppvbuien Tou.
[apoda autd eivar SVOGKOAO va UTIAPEEL GUYKEKPLUEVT 0ploBETnon Kat
QmMOAUTN GUOXETLOT UETAED WKPOBLOUATOG Kat PUXIKWOV Statapay®v Adyw
TIOAUTIAOKOTNTAG KAl TOWKIAIG TWV GUOTNUATWY TOU EUTAEKOVTOL KOl
QITEULTOVVTAL TIEPAULTEPW UEAETES.
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1. Eloaywyn

To pikpoBilwpa Tov evtépou eival TOAUTIOIKIAO Kot
QTOTEAE(TAL ATIO TPLOEKATOUHUPLA HLIKPOOPYQVL-
oUWV, AAAG Kuplapyeital kKupiws amd téooepa (8,
ta Firmicutes (@ppoedn), ta Bacteroidetes (Ba-
Kktnpoedn), ta Actinobacteria (axtivofaktipla) kat
Ta Proteobacteria (mpwteoBaktipia).? H cotaon
TOV HIKPOPLOUATOS HETABGAAETAL vAAOYQ TNV NAL-
kia. Emiong petaBdAietal kat o Adyog @puoeldn|
Tpog Baktnpoeldn) (Firmicutes/Bacteroidetes ratio),
T ool Ao TEAOVV TO peyaAlTePO T0600TO.2 ETi-
TAE0V TTAPAYOVTEG TIOU UTTOPOVV VA EMNPEARGOLY TN
oVOTAOT TOU WKPOPRLOHATOG elval yeveTikol kat
mepBarrovTikol OTwG TOAVEG AowEELS, xp1om
AVTIBLOTIKWY, SLATPOPY], OTPES KAl TPATIOG TOKETOU
KkTA.* To evtepiko pikpoBiwpa £xeL ONUAVTIKEG HETA-
BoAkeg Spdoelg, OTWG T cVVOEDT BPETTIKWY OL-
OTATIKWV, BITAULVOV KAl EVEPYELAG HECW ATIETTWVY
TIOAVOAKYAPLTOV, OTIWG PUTIKES (VEG Kat Gpudo.®

Mua Aemtt} wooppoTia ot cVvBeo Twv WiKpofi-
WV TOV eVTEPOL elval To KAEWSL otn Statnpnon g
EVTEPLKNG avOoiag Kot NG opoldotaons oAdKANpov
TOU CWUATOC, EVW OTIOLXSTTIOTE SLAKOTIY] AUTHG TNG
Looppotiag Ba pmopoVioe va 081ynoEL GE oNUAVTL-
kéc mabo@uolodoykég ouvémeleg. H avicoppoTia
0TO WKpORilwpa elval Kowws yvwaoth wg dSuofiwon.
Av kat 0 xapaktnplopds TG cVETAGNS EVOG UYLOUG
HKpoPLopatos BplokeTal aKOUA 0€ TIPWLHO 6TAS10,
N avdAvon g aAAnAovyiag 16S rRNA éxeLemitpéPet
™ Stepelivnomn Kat cUYKPLON TNG UKPORLaKnG cUv-
Beon petadl atopwv. XapakmploTiko mapddetypa
amoteAel 0 Adyog Firmicutes/Bacteroidetes, aénon
Tov omoiov amotelel Seiktn Tabo@uaoloAoyikwy Si-
ATAPAXWV CUUTIEPIAAUBAVOUEVNG TNG TIAXVOAPKING
AOY®w avEnomg G amoBNKevoNG eVEPYELAG KAL TNG
amoppdoenong Atmidiwv.t [IAn0og Statapoywv Exouvv
ouvdebel pe petaforés Touv UIKPOBLWUATOS OTIS
omoleg meplapBavovrtal aAAepylies, yaotpikog kap-
kivog, kotAlokakr, avopeéia, alvEpopo gvepébiotou
evtépou (Irritable bowel syndrome, IBS), vooog
Crohn, mayvoapkia, cakyapwdng Swaprmg (ZA) to-
Tov 2 KTA.Y?

EmmAéov, 1600 To pikpoBiwpa tov evtépov 660
KOl TO QVOCOTIOMTIKO OUOTIUA EUTAEKOVTAL TNV

C. Triantis et al, Pharmakeftiki, 33,11, 2021 | 72-87

attomaBoyéveon 1 TNV eKSNAWOT VELPOAVATITUEL-
AKWV, VEVPOYPUXLATPIK®OV KL VEUPOEKPUALGTIKMOV
acBevelwy, OTIwG Slatapaxég AUTIOTIKOU PACUA-
T0G, Uellwv KatabMmtikn Statapoyn, ayxwdng Si-
atapayn, vooog Parkinson kat Alzheimer.*®° Ta te-
Agutaia xpovLa, VTIAPXEL EVTOVT €PELVA TTIAVW OTH|
HikpoxAwpida Tov evtépou!? kat gxet SeyBel o poAog
™G PAEYHOVIG Kat 1) oUVEeoT NG He coBapeg YuxL-
k&G voooug (Serious mental illness - SMI), evtouTolg
UTIAPYEL AKOUX OXETIKO EAAEupa ot Slepevvnon
TWV TABO@UGLOAOYIKWV UNXAVIOUWY IOV oXETI{O0-
VTOL PE TIG TIUPATIAV® SLATAPUYES.

2. Mikpofiwpa, Nevpiko ZTvompa kat dAeypovi

H emikovwvia peta&l evteptkol pikpoLOpaTos kat
EYKEPAAOL elval ap@iSpoun Kot TTpaypatoToleital
KUPIWG HECW VELPLKWV, EVEOKPLVIKWOV KAL AVOGO-
TOWTIK®OV HOVOTATIWOV. AT dmoym velpwong, o
yaotpevteplkog owAnva (FEXL), To maykpeag kat 1
X0AN86)0 KVOTN VEUPWVOVTAL ATO TO TIVEUHOVOY Q-
oTPLKO VEUPO, TO OTIOL0 GUVEEEL TO KEVTPLKO VEUPLKO
ovotnua (KNX) pe to evtepiko veupiko cvotnua. To
EVTEPLKO VEVPLKO cVOTNHA 1] “8e0TEPOG EYKEPAADG”
N “EYKEPAAOG TOU EVTEPOVL” OTIWG CUXVA ATIOKAAEL-
Ta, elval éva amo ta kKUpLA TUNUATA TOU QUTOVO-
Hov veuplkoV cvotnpatog (ANX) kat amoteAeital
atd éva S{KTUO VEUPLK®V VOV TIOU VEUP®VOUV TOV
F'EZ.11 O &€ovag tov VTOOAAGUOV-VTIOPLONG-ETTL-
veppSiwv (hypothalamus-pituitary-adrenal, HPA)
puBuilel v €xkplon kopTL{OANG, 1] OTIOLX |LE TT) OEL-
p& G, umopet (i) va emnpedosl T avocoKVLTTAPW,,
(ii) va aAAGgeL TN SlaTEPATOTNTA TOU EVTEPOV KL
™ Aertovpyia Tov WG @Payuog kat (iii) va petafdiet
TN oVLOTAOCT TWV UKPORIiWY TOV EVTEPOU. AVTIOTPO-
PWS, TO HIKPOPilwpa Tov £vTeEPO KAl TA TPOPRLOTIKA
EMMNPEA{OVY TA EMIMESA KUTOKIV®OV OTNV KUKAO-
@opla, emnpedlovtag aflooUEIWTA TNV EYKEPUAL-
K1l Aettovpyla. MapdAAnda, ta evtepikd Baktipla
£€XOUV TNV KAVOTNTA Vi TIapayouv veupodiaBiBa-
OTEG, OTIWG AKETUAOYOALVY, cEpOTOVIVY, KATEXOAA -
Veg, Y-apvoBoutuptkd 080 (GABA), yAoutapikd kat
xaumAng advoidag Aimapa o€ (short chain fatty
acids, SCFA).*

I yaotpeviepkny 080, OTIwG Kol 68 GAAQ OU-

73



®APMAKEYTIKH, 33,11, 2021 | 72-87

AP®OPO ENIZKOITHXHX

PHARMAKEFTIK]I, 33,11, 2021 | 72-87

oTNuata opydvwv, To povoéeidio touv alwtov (NO)
Stadpapartilel évav kaboplotikd poéAo ot pLBULOY
TOAAWDV AELTOVPYLOV TOGO OTIG PUGLOAOYLKEG 00O
kat ot Taboroyikés kataotdoelg. To NO cupBaA-
AgL 0T SLOTPNOT) TNG AKEPALOTI TG KL TNG ALUATL-
KNG KuKAo@opiag Tou BAEVWOYOVOU TOU YO TPEVTE-
pLKoV, TN pUBULOT TNG EKKPLOTG 0E€0G, TN AELToupyia
TV AElWV HUWV 1] TNV EKSNAWGT) TNG PAEYLOVIG TOU
BAevvoydvov,'? ev TapdyeTal amd TN VEVPWVIKN
ouvBetdon tou NO (Neuronal nitric oxide synthase,
nNOS) kat elvat évag amd Toug KUPLOUG AVAOTOA-
TKoUG vevpoSlaBLBaoctég Twv Aslwv puwv Tou ya-
otpeviepkoV. [Tapott mRNA Kat Twv TpLwv evilpwv
IOV TNV TTapAyouvv £xouv Bpebel oTa EVTEPIKA VED-
PO, 1 AVAAOYIX TWV VITPEPYLIKWV VELPWVWYV Pploke-
TOL TIEPLOPLOUEVT] GTO VTIOBAEVVOYOVIO TIAEYA, EVWD
ONUAVTIKA EVIOYLUEVT €lval 1 avaAoyia TOUG GTO
HUEVTEPLKO TUNHA OTIOV £XOUV aVACTAATIKO pOAO
otV KwnTikotnte.® Bpebnke otL Slatta pe viman
TIEPLEKTIKOTNTA G€ ALTTP A& 00N YEL € ATOTTWOT TWV
VITPEPYLIKWV VEUPWOVWV TOU HUEVTEPIKOV TIAEYHATOG
HECW EVEPYOTIOMONG TNG KAOTIAOTG-3 KAL TWV AVAE-
Aoywv twv Toll vmodoxeig-4 (Toll-like receptor-4,
TLR4) ot0 Aemtd KAl Taxv £VTEPO, 08NYWVTAG OTNV
EKONAWOT PELWUEVNG EVTEPLKNG KV TIKOTNTAG KOl
oTNV aVENOT TG CUYKEVTPWONG ALTTOTIOAVCAKYXOPL-
TV Kal Aeypovnig, Selyvovtag kat T StacVvdeon
peta& @AgyHOVIG, HeTABOALKOV GLVSPOHOUL KaL YPu-
XKWV vOowv.1*

H epmAokn tng @Aeypovig Kat 1 gvepyotoinon
VEUPOPAEYLOVWO®Y LOVOTIATLWV ATIOTEAEL ALTLOAO-
Y6 mapdayovta twv SMI. KatabAmTikd ocupntw-
pata ocuvvodevovtal amd avinuéva emimeda mpo-
YAEYHOVWOSWV KUTOKIVOV OTIWG TNG tvTePAELKivG 1
KoL 6 KL TTEPLOPLOHOV TWV AVTLPAEYLOVWS®V KUTO-
KWV 0Ttw oL tvtepAgukives 4 kat 10, TBavov péow
TOAVHOP@PLOHOV TWV YOVISIwV TOU KwSKOToLoUV
TIG TIPWTEIVEG AUTEG KAl CLUVAKOAOVONG YEVETIKNG
mpodiabeong oe SMLY AAAwOTE, 0L VTTOSOXEIS TNG
wvtepAevkivng-1 kat n (Sia, Bpilokovrtal vepek@pa-
OUEVOL OE TIEPLOYEG TO EYKEPAAOU OXETI(OUEVES UE
MV avTamdKpLon 6To OTPEG Kal 1 Spdon ¢ elval
OUOLHOTIKY 0TN PUOULOT TWV VEVPOXTIKWOV Kal
EVSOKPWVIKWV EKSNAWDCEWV TNG TTPOCAPLOYNS, EVWD

XPOVIX XYOP1YNoMN NG VTEPAEVKIVIG 1] XPOVLIO OTPES
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ep@avidovtal katabAmTikeéG cuumepLpopes.t® Emi-
ong, N kaomdon-1 kat n MpwTEivy gvepyomoinong
™, n NLRP3, Bpilokovtal UTEPEKPPATUEVES OT
HOVOKUTTOpA KaTAOATTIKWV acBevwv  vTodn-
AOVOVTAG TN OTUACIA TOU AEYOUEVOL «(PAEYHOVO-
oWUATOS» oTNV ekdAwon ™¢ KatddAWme.” Qg
QTOTEAEOUA QUTWV TWV EVPTHATWY, 1) LLVOKUKALYN
£€8e1e va eplopilel TNV AMOTTWOT), TIPOGPEPOVTAG
VEUPOTIPOOGTATEVTIKI] KL aVTIKATAOALTITIKY Spdon,
HECW AVAOTOANG TWV KaoTaocwv 1 Kot 3 Kat TepLo-
PLOHOV TNG UETATPOTING TWV TIPOPAEYHOVWOSWV KU-
TOKWVWV OTLG TEALKEG LOPPES TOVG. 1819

Evéei€els ouvnyopolv otn Stacvvdeon tou ANZ
Kol TG xpoviag xapunAov Babuov @Aegypovig o
SvoAettovpyla opyavwy. ZTnV TEPLPEPELN, TO HIKPO-
Blwpa tov evtépov Sladpapatilel oNUAVTIKO POAO
otn Slapudpewaon evog LloxvpPoy GUGTNUATIKOU KAl
EVTEPLKOV AVOOGOTIOMTIKOU GUGTHHATOG.2® Avaé-
peTat cuVNBWE WG Eva «OVOLACTIKO» EEWOEV TOTO-
Betovpevo 6pyavo, a@ol 1 GUVOEST] KoL 1] KATOVOUT)
TOU TPOTIOTIOLOVVTAL CUVEXWG AVAAOYX UE TO TIEPL-
B&Adov, tov &eviotn, v nAwia, ) Statpoy), TI§
TPOTIOTION|OELS TOU TPOTIOU {w1|§ KAL TIG aoOEveLes.’

Ye aoBevelg pe véptaon mov AapBavay TpofLott-
KA yla SLAOTNHO TPLOV 1) KAL TIEPLOCOTEPWV UNVDV,
HELWONKE ONUAVTIKA TOCO 1) GUGTOALKT] OGO Kol 1|
SlaoToAikn apmmplakn Tieon,?! vmodnAwvovtag
OTL TO HKpoBLaksd evieplkd ovoTnua pmopel va Si-
adpapatioet Bacikd pOAO 0TOV £AEYXO TNG OUOLO-
O0TAONG TNG AHUATIKNG Ttieon§ Kot pong. Melwon tou
Baxtnplakov mANOLoUOV MOV Tapdyel BouTLPLKO
08V KabBwG 1 TPOTOTON G TNG TTOIKIAGTITAG TOU LL-
KPOBLWUATOG UTIEP EVKALPLAKWVY TTAB0YOVWVY PTtopel
va Ttaiéel podAo otnVv evioyvon mokidwv acBevelwv
Kal Slatapaywyv, 0w XA, mayvoapkio kat Kapdi-
ayyewkn SuoAettovpyla, evad Kal QAEYHOVOSELS
TabNoelg TOL eVIEPOV SelYvouv va cuvdéovtal Ue
autr T duoBiwon, Tapd e CTOXEVUEVT TPOTIOTION-
non ¢ oVvBeong Tou wikpoflwpatog. MapdAinAa,
gvioyvon Twv unyaviocpwy mov oxetilovtal pe o&el-
Swtikd otpeg éxouv PBpebel auvinuéves oe TETOLES
KATAOTAOELS, BETOVTAC Kol TNV aduvapio avTie-
TWTILOTNG TOU 0EELSWTIKOV (POPTOU WG ATIOTEAECHA
auTtng TG pKpoflakng avicoppomiag.?? Avti n
TIOWKIAL) OTIG OpASESG TV pikpoBiwv ToL pikpoBLw-
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patog Seiyvel va elvat onuavTikn ylo Ty evioyvon
ATOKLWV Tov Ttapdyovv SCFA mov eival w@éApa
Adyw pelwoNng ™G PAEYHOVIG, Evioxuong TG gval-
onolag Twv KUTTAPWVY OTNV WWOOVAivY, pvBuLoNg
™G SLaPopoTomong Twv EMONALAK®V KUTTAPWYV,
Aettoupyiag wg @paypov, evepyomoinong pubuott-
KWV KUTTAPWV KAl TEPLOPLOUOY TWV VEOTIAAGLWOV
HECW TNG UELWUEVNG €E0AAQYNG TWV KUTTAPWV.H
Emtiong, mpomiovikd kat Boutuptkd ol £xouv Seilel
va teplopifouv v S1ayuon TwV KUTTAPWV TOV AVO-
OOTIONTIKOU KOL VO HELWVOUVY TNV KATAGTPOQT] TOU
YaotpevTepLkoL emiBnAiov Adyw toxaipiag, evioyv-
OVTaG TNV AYYELOSLAOTOAT), EVW OL QUENUEVEG GUYKE-
VIPWOELS TWV UIKPORLwV TTOL TAPAYOUV YOAXKTIKO
08V é8el&av va emiSpovv apvnTika.>* EmmAéov, otol-
xela Selyvouv OTL evioyvom avoTPOTIOTIOM TIKWV N
XQVIOUWV OTIWG evepyoToinomn wvtepAevkivng-4 (IL-
4) Kot pUBULOTIKWOV HAKPOPAYWY ETEPXOVTAL AOYW
ETPPONG €T TOU LKPOPLOUATOG.2 AUTA TA XAUNANG
aAvoidag Atmapd o&éa emepfaivouy ot Aettovpyia
TOU KUTTAPOU TOU EEVIOTH KAL TOU TOXE0G EVTEPOU
kat 8ivouv pa ToKIAl KUTTAPIKWOV aToKpioewy,
ovpmepAapavopévng g puBULOT G TNG YOVISLOKNS
ékpaong.2

EmumA€ov, Ta emimeda Tov yévoug Bifidobacterium,
€VOG YEVOUG TIOV GUGYETIETAL [LE TNV KATAGTOAY] TNG
PAEYUOVIIG HEGW TNG AVAOTOANG TNG 080V TOV TUPT)-
vikov mapayovta-kB (Nf-KB), Bpébnkav onuavtikda
HELWHEVA 0TA (WA TTOL UTTORBAAAOVTAL OE TIEPLOPLO O
™mg kivnong, o @awvopevo dnradn ekdniwong Pio-
AoywkoV otpeg.t728 Tétola evpnuata cupufadifouv pe
™mv amoym OTL 0 TUPNVIKOG TlapdyovTag-kB avéa-
VETL WG ATIOKPLOT) 0TO OTPES Kal ivat évag kpiot-
HOG HEGOAAPNTIG TNG EMAYOUEVNG ATIO AYXOG KATO-
OATITIKNG CLUTIEPLYPOPES Kat TG eEaoBévnong g
AVAYEVVTIONG TWV VELPOVWV UECW TOV OTPEG.230
EmumAéov, pikpofia tov yévoug Allobaculum, to
0To(0 AVTITPOCWTEVEL £VA GUAVTIKO GUOTATIKO
™6 pxpoyAwpidag, amovoialav og avtioTolyn Te-
pimtwon meploplopol ¢ kivinong kot 1 Vapén
TOV GUOXETICETAL AVTIOTPOPWS e BEIKTEG PAEYNO-
VNG, oupmepAapUBavopévwy TG AETTIVIG KAl TWV
wtepAevkvwv.it H ypovia axwnrtomoinon odnynoe
emiong og a’inomn TwV CUYKEVIPWOEWVY TOU YEVOUS
Lactobacillus, ta péAn tov omoiov epmAékovtal 6Tnv
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evepyomoinomn g wtepAevkivng-18 (IL-18) anod ta
Hokpo@aya.®?

ATtO KAWLk G oKOTILAG, £xeL SetyBel 6TL M oVvVOEeoT
™G pkpoflakns yAwpidag elvat onuavtikd Tpo-
Tomompévn o€ Tovtikia pe cofapn kataBATTL-
K1 Statapaxy). MoapdAAnda, 1 HETAPOPA QUTHG TNG
XAwpidag oe @uolodoyikd Telpapatolwa gixe wg
QTOTEAEOUA TNV ELPAVLIOT TTAPOUOLWV KATAOALTITL-
KWV CUUTITOHATWV.3? TpoToTomoeLg oty Ek@paocn
HikpoBLakwv yovisiwv kabws kat Tpomomotnpévol
uetapodites gpaviotnkav atov &evioTr, VTIOSEL-
KvUOVTag OTLT] ELPAVLOT] TWV CUUTITWHATWY KATA-
OALMG TTpoépxeTaL eV TEAEL ATIO TOV (810 TOV EEVIOTT
LTTOSEKVUOVTAG OTL ) ouvepyaoio HeETady pikpofi-
WUATOG-EVTEPOV-EYKEPAAOL elval au@iSpourn. AA-
Aayég G xAwpidag emnpealovy TN GUUTEPLPOPL
EVW KAL QAAAYEG OTT) CUUTIEPLPOPA ETNPEATOVY TNV
evtepkn YAwpida avtiotoyo.3*

3. MikpoBiwpa kat Puxikés Statapayég

0 G&€ovag HKPOPBLOUATOG-EVTEPOV-EYKEPAAOV ATTO-
TeAel Eva TTEPITIAOKO TIOAV-0PYQAVIKO GUGTNUA O@i-
Spopung onpatodotnong HeTad TG EVIEPIKNG YAW-
pidag koL Tov eyke@aAov Tou mailel facikd poAo
oTn @uolodoyia Tou EevioTn, TNV OUOLOGTAGCT), TNV
avamtuén kat To petaBoAtopod. Ta avamtuoodueva
otolxela Selyvouv emidpaocelg ¢ oVOTAGNG TOU
HUKPOBLOUATOG 0T GUUTEPLPOPA TIOVTIKWY, UTO-
otnpifovtag to podo Toug ot SLapdpPwon avtnG.:®
Ol SLa@OopEG OTIG CUUTIEPLPOPES TIOU OXETI(ovTaL
LE TO OTPEG ava@EpovTal cUVBWE og TOVTIKLA UE
TPOTIOTIOMMEVT] EVTEPLKY YAwpiSa, TOU EUTIAEKOLV
TO pOAO TNG GTO AYX0G KAl TNV KAtdOAWm. ATd To
UEYGAO PAGUA TWV VEUPOYLXLATPLKWOV SLATAPUYXWDV
IOV EUTIAEKOVTAL LE TO pkpoBlwpa, £xouv emAeyel
va avaAuBouv ol cuvaloOnpatikeg StatapayEg, ot
AYXWEELG SLATAPUYES KAL OL YUXWOELS.

3.1. 0 péAog Tov HKPOPBLOUATOS 6TLG GUVALGOT)-
paTikéG Statapayég

Y& aoBevelg e oUVALOONUATIKEG SLATAPAYEG EXOUV
avapepBel TpomoToOMoELS 0T HiKpOBLaKkn cUeTHON
TOU eVTEPOV. MEAETT, HETA ATIO AVAAVGT] TOU HLKPO-
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Buwpatog Twv kompdvwv acBevwv Tov eiyav Sia-
yvwoBel pe katabAmtiky Statapoy oe oUyKplon
pe opada eAéyyou, SLATOTWOE ONUAVTIKEG CUOXE-
Tloglg kat kateypaye v VTTapEN vTEPPOAKNG Kol
XouMANG ouykévtpwons twv e8wv Bacteroidales
kat Lachnospiraceae, avtiotoya.®® To mo évto-
VO AMOTEAECHN NTAV 1) YEVIKI TPOTOTOMON TWV
Bacteroidetes o€ ekeivoug OV SlayvwOOTNKAV HE
katabAum. Mo ovykekppéva, to Alistipes, éva yé-
vog Twv Bacteroidetes, BpéOnke ae LVYMAN ovYKE-
VIpwon, evw avtiotoyn avinon mapatnpndnke
KL 0€ TIOVTIKIX TIOU €KTEOMKAV O€ GTPEGOYOVOUG
mapayovtes.’” Emiong, auto to i80g pikpofiwv ma-
pouclaletal VYMAG 6To cUVEPOUO XPOVIAG KOTIW-
ong kat oto IBS, vmodnAwvovtag éva mbavo kowd
XAPAKTNPLOTIKO O€ APKETEG SlATAPAXEG IOV £XOUV
WG 6LVOSH XAPAKTNPLOTIKO KATAOAWM Kat ayxog.3®
'Exet potabel 6tL Ta Alistipes elSikdtepa oxetido-
VTOL [E TN QPAEYHOVT] KAl £TOL cLVEEOVTAL TOAVWG
pe TNV KatabAPm péow Twv QAEYHOVWS®Y 08wV.
Inuewnvetat 0t ta enimeda tov Alistipes kat GAAwv
pkpoBiwv Tov evtépou pumopolv va TPOToTom 0oV
péow Sartntikng mapéuPBaone. Emiong, Selypata
KOTIPAvwV atod acBevels pe pellwv KataBAmTik
Swatapayn (Major depressive disorder, MDD) Sua-
TiotTwoav acHev] apvnTIKY GUGYETION UETAED TNG
oXeTIKNG a@Boviag touv Faecalibacterium xat g
ooBapoTNTAG TWV KATAOATTIKOV CUUTTWHATWY
Kat ot ot acBeveis pe MDD eiyav avinpéva emimeda
Twv Enterobacteriaceae kat Alistipes.*°

MeA€tn og MOVTIKOUG HOVTEAX €Tl TNG KATAOAL-
Umg €6eée 0TL Ta faKTPLX TOV EVTEPOU GxeTI{OVTAL
pe petaforés ota emimeSa vevpodiafifactwy Kol
SCFAs.*' H o0Uv8eom petadl tou oofarepikov o&é-
06, £voG ouvnBoug SCFA, kat ¢ kataBAumg eivat
YVwoth,*? 0w £xeL SetyOel ka1 olvEeomn TwV vTO-
Soxéwv adevoaivng e TOV UTIVO KoL OPLOUEVES Y-
XKEG VOGOUG OTIWG CUVALOONUATIKEG KoL AyXWOELG
Statapaxéc.® To Badepkd o0&V, TOL TEPIEXETAL OF
exyVALopa Badeplavag, pmopel va SpAceL wg avTi-
OTPOPOG AYyWVIOTHG Tov vTtodoxéa adevooivng Al
KOL va ETINPEACEL TNV ATEAEVOEPWOT TWV VELPOSL-
afiBactwv otov eyké@aro.** EmmAgoy, ta enineda
0€POTOVIVIG KABWG KAl TPUTITOQAVNG, TIPOSpoun
évwon ¢ ogpotovivng, kat 5-udpo&uivdorooéikov
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o&€og, petafoAitng g oegpotovivng, emmpealovrat
amd Vv pikpoflakn xAwpida, cuppaiiovtag otV
avamtuén katddAme.*® MapdAinia, n xopnynon
TPOPLOTIKWVY 06N YN 0E 0€ HElWOT TWV SEKTWV LVTEP-
@epovn-y (IFN-y), mapdyovta vékpwong dyKkwv o
(TNF-a) kat IL-6 kaBwg kot oe onuavtiky abvénon
TWV CUYKEVTPWOEWV TPUTITOPAVNG KAL KIVOUPEVL-
KOU 0§€0G 0TO MAGO LA TIELPALATOLWWV.*

Y& GAAN SIMAG TU@AT], €AEYXOUEVT HE ELKOVIKO
@appako pHeAETn, ot acBeveig pe MDD édafav gwko-
VIKO QAPUAKO 1) CUUTIANPOUATA TPOPRLOTIKWY CE
Kk&ouAeg, ov meplelyav Lactobacillus acidophilus,
Lactobacillus casei kat Bifidobacterium bifidum, ywx
OoKTW £fSONASES. ZTO TEAOG TNG TTEPLOSOU HEAETNG, OL
acBevelg ov EAafav Tig TTPoRLOTIKEG KAPOUAES ep-
@AVIoQV ONUAVTIKEG BEATIWOELS OTA CUUTITOUATA
™G KATAOAYMG, OTIWG EKTIUNONKE ATIO TO EPWTNUA-
ToAdyLo Tou Beck.*” Avtiotoya, Tpdo@atn TAOTIKY
HEAETT €E€TACE TA ATOTEAEOUATA TWV GUVSVACUE-
VWV CUUTIANPWUAT®WV TPOLLOTIK®Y KAl 0POTIKOV
nayvnoiov og pkpn opada acbevwv pe MDD, av-
OeKTIK] 0€ EKAEKTIKOUG QVOOTOAE(S emavaTpod-
oAnyme oepotovivng (Selective serotonin reuptake
inhibitors, SSRI). £to téAog tng mepldSov peAETnG
oKTW ERSonAdwv, 1 TAELOVOTNTA TG OUASAG EQPA-
VIOE ONUOVTIKA BEATIWHEVA TA CUPTITWUATA KATA-
OAMG ko ToLd TG {wnG. LoTOCO, TApATHPNONKE
UTIOTPOTIN OTAV 0L AcBeVEIS oTANATNOAV va Ttaip-
VOUV TA TIPORLOTIKA CUUTIANPOUATA KAL TO 0POTIKO
payvioto, TapotL eAauBavav aywyn pe SSRL*

Ta mpofloTikad €xovv amoderyBel 6Tl BeATiwvouv
™ Sabeon otov vy TANBVopd. Ml SImAG TLEAY,
EAEYXOUEVN LE ELKOVIKO PAPUAKO HEAETN €pevVNOE
TA ATMOTEAEOUATA TWV TIPORLOTIKWY ot Stdbeon.*’
O vyLeis eBerovTég EAaBav NUEPNOIWS YAAAKTOKOLL-
K& Tov Teplelyav Lactobacillus casei 1| etkovikd @dp-
Hako yla tpelg efSouddes. 1o téAog TG TEPLOSoL
HEAETNG, OL CUHUETEXOVTEG TIOU €Aaflav TIPOBLOTIKG,
Kat elyav apxikd katablmtiky Siabeon, mapovoia-
oav BeAtiwon. Ao ™V GAAN pEPLE, PLX TUXALOTIOW)-
HEVT], SLTTAY) TU@ATY), EAEYXOLEVN HE ELKOVIKO (PAPUAKO
HEAETT), KaTEANEE 6TO OTL M XOPNYNON OKEVAGHATOS
mpofotikwv Lactobacillus kau Bifidobacterium, Sev
€818 OTATIOTIKA ONUAVTIKY SLX@OPA PE TNV OUada
eAéyxou o€ kavévav JuxoAoyko Setictn).>”
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Ta avTiKaTabMTTIKA @appaka TapovcLdlouvv
JLot OELPA AVTIULIKPOBLAK®V SPACEWY, UE TOUG EKAE-
KTIKOUG QVAOTOAES eTtavampOcAnYPnG oepoTovivng
(SSRI), 6mw¢ aeptparivn, @Aovoetivny Kat Tapote-
Tivn, va ep@avifouv §pacTikOTNTA EVavTL BETIKWY
KoL apvnTikov katd Gram Bakmpldinv 6Tws ota-
(PUAOKOKKOUG, €VTEPOKOKKOUG Kol PeuSopovadeg.
Ta ocvykekpipéva SSRI, 0Tws 1 pAovoletivn, €xouvv
aKOUN CLOXETIOTEL pE avinuévo kivéuvo avdamtu-
&Ng Aolpwing amd Clostridium difficile.”*? Aiel va
ava@epBel OTLav Kat o unyaviopuds Spaong twv SSRI
ya v katadAupm Sev oxetiletal pe omoladnToTE
QVTIULIKpOBLaK SpAoTm aUTWV TWV PAPUAKWY, Ol
mOavEG aAdayég oto pikpoBiwpa pmopel va €xouv
eMISpaon o€ GAAEG PAEYUOVWDSELG 1) (PUGLOAOYIKES
TAPAPETPOVG TTIOU CLVSEOVTAL LE TN SLABEDT, OTIWG
AVUPEPONKE KoL TIAPATIAVW.

Te aobeveig pe ofela pavia éxel mpotabel 4TL N
avoooTIo(non Tov TpokaAsital amod To pkpofiwpa
umopel vat GUVELCQEPEL 0TN HElWOT) EMAVELCAYWYNS
0TO VOOOKOpE{o pHeTd To €€ttiplo.> Avti 1 vmoOe-
on @aivetal va TPOEPYETAL ATIO TNV TIAPATHPNON
O0TL acBeveig pe ofela pavia gpgavicav vPmAdtepa
TOG00TA HIKPOPBLAK®OV AOU®EEWY, YEYOVOG TIOU
amodeiyBnke pEow TPOCEATNG GUVTAYOYPAPTONG
avtiflotikwv. EmmAéov, 1 mpoéAnPm kol amoteAe-
opatikn Bepameio Bakmmplak®y AoWWOEEWY aTOo-
TEAOUV OTUAVTIKEG TTAPEUPATELS yia TN Stayeiplom
acBevmv pe pavio.>*

AT ToTE, dpyloav va @alvovtal Ta oTolxela Tov
paptupovv TN dpacn G xAwpidag otn SumoAwm
Swatapayn. To pkpofiwpa acBevav pe cofapa
OLUTITOHATA SLTOALKNG Statapaxns Stapepel amd
™MV opada eAéyyou.”> TUYKEKPLUEVQ, TTopaTnp1On-
KE ONUAVTIKY peElwon og SV0 Eexwplota Yévn Twv
Firmicutes, 6Tw¢ peiwon ota kitTapa tov eidoug
Faecalibacterium (1 omola Tapatnpeital emiong kat
ot petlova katdd®Anm). AlaKVLAVOELS KOl 0€ GAAQ
Yévn, Kuplwg pHeElwoNG TOU aplBuov Toug, @alvetal
va ouoxetiovtal pe Tn coBapoTNTA TWV CUUTTW-
pdtwv. To Faecalibacterium eivat évag Oetikog kKatd
gram pKPOOPYQAVIOHOG TOU EVIEPOL TIOU ENPAVITEL
QAVTUPAEYHOVWSELG IBLOTNTEG KAl XAUNAT Tlapovoia
0€ KOTHOTACELS OTWG 1 PAEYHOVWSNG VOOOG TOU
EVTEPOU, N UT] OAKOOALKT] OTEATONTATITION KAl OF
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Puyweg Statapayég. EmmAéovy, pla mpdo@atn miAo-
TIKT) LEAETN €8€LEE OTL T GCUUTIAN PWUATLKY XOP1YNOT|
TPOLLOTIKWVY HELWVEL TK TIOCOGTA EMAVAVOOAELQG
o€ aoBeveig ov £xouv mpdo@ata eEEABEL atd voon-
Aela pe pavia.®®

Avtiotolya, oe Tpdo@atn peAETNY aviyvevbnkav
HEWWHEVA TIOGOCTA GTNV TIOCOTNTA KAl TNV TOLKIAO-
Hop@ia Twv eldwv ota pkpoflakda Selypata Kompa-
VOV ATOHWV e Slayvwor SmoAkng Statapayng, o€
oUYKplon pe v opada eAéyyov. EmmpdoBeta, ot
GUYYPAPEIS avayv@pLoaV oNUAVTIKY adénon otnv
a@Bovia TWV 0pyavVIGHWOV TOV TaEvounBnkav oto
@aopua Actinobacteria kot Coriobacteria.

Agbopévou OTL Sivetal TALov peyoAUTEpT TIPO-
ooy OTn oxéon MKPOPRLOUATOG-EevioTn, YiveTal
QVTIANTITO OTL Ta HIKPOPLA TOU EVTEPOL eival omn-
HOVTIKAE YLot TNV €EATOMKEVUEVT] AVTATIOKPLOT G|
@apuakobepamela. Ot aAAnAemibpaoels pkpofi-
wv-EevioTwV Kvpaivovtal amd Ty aueon emidpa-
o1 GTN PAPUAKOKIVNTIKY] TOU (PUPUAKOU PEXPL TNV
éupeon petafoAr touv petafoAlopol Tov fevio
HECW TNG TPOTIOTIOMONG TNG NTMATIKNG EVIVUIKNIG
SpacmplomTag.5®>® Ta puikpofia Tov evtépov eival
amo Ta MPWTA onpeia emaEng petald Tou cwua-
TOG KL TWV QPAPUAK®Y ATO TO OTOUA, EMOUEVWG 1)
TpoooyN Tpdo@aTa emekTAdNKe otV €E€Taio TOL
HKPOBLOUATOG €T GTOXEVUEVWY BEPATIELDV, EVW
avopolopop@ia otn pikpofoAoyikr alvBeon pto-
pel va embpa otov TpdMO IE TOV 0Tol0 TA ATOUA
QAVTATIOKPIVOVTUL GTO PAPIAKO, 0SNYWVTAG GE UTIO-
Bepameia.®® ‘Eva peydAo mMocooTO QAPUAK®WY TIOU
KatevBuvovTal amod To Eeviotn (U avTLkpoflaka)
mapovotalovy aueon Spdom evavtiov cuvnOilopé-
VWV WKpOoRiwv Tov PTtopovv va PeTaBAAAoUV TNV
KavoVIKN Aettovpyia Twv pikpoBiwv Tov evtépou.©!

Ye mpoo@atn peAétn SiepeuvriOnke 1 emiSpaon
@appaxkwv Tov KNX oto pikpofimpa apovpaiwv.t?
Y& autn TN peAéTn, To AiBo Sev mapovaoiace avtipL-
kpofBlakn Spdon évavtt tov Escherichia coli 1§ tou
gram-0etikov opyaviopov Lactobacillus rhamnosus,
wWoTO00, TAPATNPNONKE ainon TG TocATNTAG KAl
™G TOWKIAOKOPPIag Twv Sla@OpwV HUIKPOPLAK®Y
eldwv oto évtepo. Emiong, to Aiblo, n apimimpaldin
K0l TO BaATIpoiKO £8€1E0V va TIPOKOAOVV OTLAVTIKEG
aAAaYEG 0N 6VOTAON TOU EVTIEPIKOV WUIKPOPLWUA-
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TOG KAL TWV EMMESWV TWV XAUNANS aAvcidag Auma-
PWV 0EEWV, EVM 1 ECLTAAOTIPAUT KL 1] PAOVOEETIV
édwoav Supopolpeva amoteAéopata in vitro Kot in
vivo, evw Selxvouv va TpoToTolovv T Stafatdmmta
TOVU €1A€0V PEOW AVAOTOANG NG Spdong Tov peTa-
(POPEQ TNG OEPOTOVIVNG, HE TTAPOUOLO UNXAVIOUO HE
TO UTOV NG Sp&oNG TOUG.

3.2. 0 pOAOG TOV HIKPOBLOUATOS GTIG AYXWSELS
Swatapayég

Ol ayxwbelg Statapayés, Kuplwg WG KOWWVLIKY ay-
xwdng Satapayn (kowwvikny @ofia), Statapaxm
Tavikol, ayopa@ofia kat yevikevpévn Statapaxm
ayyovug (Generalized anxiety disorder,GAD), amote-
A0UV oNUAVTIKY Katnyopia 6to @Aacpa twv Puyl-
KOV SLaTapaywv Kal To dyxog UTopel va amoTeAel
OVUTITWHA 0€ TOAAEG AAAES PuyikéG voooug. Elval
YVWOTO OTL TO GyX0G UTOpEl va eMNpeRoEL T OV-
OTAOT TOU UKPOBLOUATOS TOU evteépov. ITapdAAn-
A, OA0 Kol TIEPLOCOTEPEG UEAETEG OCLUOXETIOLY TO
pkpoBiwpa kot tn Suefiwon pe to dyyos. [pécea-
™ peAé tov 2021, 0€ OEPEG TTOVTIKLWOV HOVTEAWY
yla dyxog (Collaborative Cross mice), cupmepave 0TL
10 pkpofilwpa ev pépel pecoAafel kot ouvtovilel
OTIG EMSPACELS TNG YEVETIKNG TAVW OTO AyX0G.%
ZUOTNUATIKY avaokoTnon mapovciaoe 21 tuyato-
TIOMUEVEG EAEYYXOUEVEG HEAETEG PE GUVOALKO Selypa
mavw amd 1500 dropa. H avackdmmon katéAnée 6TL
TEPLOOOTEPESG ATO TIG ULOEG PEAETEG TIOU CUUTIEPLE-
Mebnoav, £dei&av 4TL M pUOULOT TOV EVTEPIKOD LL-
KPOBLOUATOG CUVEROAE BETIKA OTNV AVTIUETWTILON
TWV CUUTITWHATWY AYX0oUG.5*

H c¥otaon Twv pikpoBiwv Tov evtépou umopei va
petafAnOel pe KatdAAnAn Sartntiky Tapéupaon,®
YEYOVOG TIOU PTTOPEL va avel Xp1ioLUO KL OTLS QY-
xwdelg Statapaxés. I'a mapadetypa, 1 xop1ynon tov
mpoflotikov, Lactobacillus casei Shirota, peiwoe to
ayxog og acBeveig pe ovVSpPoro xpoviag KOTWaoNg,
evw o€ aoBeveig e IBS pe KAk onuavtiko ayxog,
kabnuepwn Bepameia pe éva piypa TpoRLoTiKwY
YOAQKTOOALYOTAKYXAPLT®WV Yl 4 eBSopades peiwoe
TA TTOCOOTA AYXOUG KoL ElXe oNUAVTIKY OETIKT €T
Spaon oty odtnTa {wn6.5° Na avapepBei emiong,
6TL VYMAGTEPOG AGYog Firmicutes/Bacteroidetes oe
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acBevelg pe IBS, cUOXETIOTNKE LE KALVIKA OMUAVTL-
Ka emimeda ayyxous kot KatdbAyme.6¢ Q¢ pia yeviko-
Tepn évvola, vYMmAdTepes Babpodoyieg ayxous Ka-
Taypaenkav oe acbeveic pe IBS kat cuoxetioTnkav
He xaunAdTtepn HKPoBLakn TOKIAIX TWV KOTIPAVWY
vmootnpilovtag o oxéorn HeETady TG HIKPOPLaKNG
KoL TG PUYOAOYIKIG KATAOTAOTG.

Ta mpoflotikd €xovv Seiel 4TL BeATidvouv
Suabeon otov vyu] TANBUONO. Te HEAETT, OE TIOVTL-
KOUG, 1 XOPNYyNoT OKEVAGUATOG TPOPLOTIKWY HE
Lactobacillus kat Bifidobacterium mepidpioe t™v
ayxwdn cvumepupopd kat Bertiwoe tn SdBeom.s’
ZUOTNUATIKY QVOCOKOTNOT HEAETNOE TIPOKALVIKA
KoL KAWIKA SeS0UEVA, OXETIKA HE TNV AYXOAUTLKN
Spaon Twv TPOPLOTIK®WVY. XTN HEAETT] AUTH TIPOEKV-
Pe 1 Slax@opa OTL eV oL PEAETEG O0€ TIELPAPATOlWN
£8e1€0y TTOAV DETIKA ATIOTEAEGUATA OTT HEIWOT] TOV
ayyovg, avth N Betwkn emibpaon Sev €xeL akopA
netagepOel kot amodeyBel ota kAwika Sedopéva,
KATAAYOVTAG OTNV QVAYKY TIEPALTEPW UEAETNG OF
KAWVIKO eTTESO Kot HOALOTH €0TIA{OVTAG OE TIPOfL-
0TIKG pe Lactobacillus rhamnosus.®®

Avaopkd pe ™ GAD, TpOo@ATN HEAETN EVTOTIL-
o€ TN pikpoflakn duoBiwon Tov eviépov og aobe-
velg ue GAD, mpoteivovtag pAAloTA TN OTOXELOT
TOU HKPOPBLOUATOG WG EVay XPTCLHO BEpATIEVTIKG
KOl TIPOANTITIK& 0TOXO Yl TV €v Adyw Slatapa-
.5 Zuykekppéva, ta Firmicutes kat Tenericutes
elxav yaunAdtepa emimeda oe acOevels pe GAD
v BpEdnkav Kal apKeTEG SLPopéG oTn cVOTACN
Twv pkpofiwv og oxéon pe v opada eAéyyov. Ta
Eubacterium coprostanoligenes, Ruminococcaceae
kal Prevotella cuoyetiotnkav apvntika pe tn co-
BapoTnTa Touv dyxous kat BETIKG e TN pelwon Tou
ayxoug, v Ta Bacteroides kat Escherichia-Shigella
ovoxetiotnkav BeTik& pe ™ cofapotnTa Touv dy-
Xxoug.”°

H Statapaxn UETATPOUUATIKOV OTPES
(Posttraumatic stress disorder, PTSD), Sia@pépet
ATl TIG AAAEG KUPLEG ayXWOELS SLATAPAYES KAl Xa-
paktnplletal amd xaunAés amokpioels kopT{dANG,
YEYOVOG Tov pmopel va cupBaAAeL oty TtpoPRAEY
atopwyv pe mpodidBeon avamtuéng PTSD petd amd
éva Tpavpatikd cupfav. Mpdo@ata TEPAUATIKA
Kol KAWIKG SdeSopéva ouykAivouv otnv umobeon
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OTL 1 SlaTapoyEG 0To Hikpofiwpa Tou evtepov, €L-
Sa& otV TIpwLUN {w1), pTopel va EXEL LAKPOXPOVLES
QAVOCOTIOMTIKES KOl AAAEG (PUCLOAOYLIKEG ETILOPATELS
KAVOVTAG TA ATOUA TILO VaioONTA 0TV avATTLEN
PTSD petd amd éva tpavpatiko cupfav.’ Meta amd
Stepgvivnon g cVETAONG TOU HKPOPBLOUATOG aoBe-
vwv pe PTSD og oUykplon pe acBeveig Tov véotn
TpAVUA, 0AAG Ywplg va avantigouv PTSD, ot oye-
TIKEG avaoyles Twv Actinobacteria, Lentisphaerae
kat Verrucomicrobia pewdOnkav oe atopa pe PTSD
o€ Babuod mov pmopovioav va StakplBovv oL acBeveig
avtoi pe vPmAS Babud axpiferag.’?

3.3. 0 péAog Tov KPORLOUATOS 6TLS PUXWDOELS

Emidnuiooykés peAéteg €xouvv Seiel dtL 1 Tpo-
yevwnTikn pikpoBakn poéAvven eixe 10 €éwg 20 o-
pég auénuévo kivéuvo ep@aviong oxllo@pévelag’
Kat €xouv pedetnBel mbavég ocvoxetioels petadld
oxWo@PEVELNG KAl EVOG SLATAPAYUEVOL EVTEPLKOV
pkpoflopatos.’* EmmAéoy, n oxllo@pévela ouyva
OUVUTIAPXEL OE SLATAPAYEG TOU YAOTPEVIEPLKOU
OUOTIIATOS Ol OTIOlEG YapakTnpilovTal amd aAloL-
WOELG TWV UKPOPLAK®V OpHaSwv Tou eviépov. Me-
Aéteg oe mMEpapatolwa EdelEav O0TL To pkpoBiwpa
TOU €VTEPOUL elval KPIOWO YLot TN HETAYEVVITIKY
QVATITUEN KoL TNV WPIHAVOT TWV VEVPLKWY, OVOCO-
AOYIKWV KAl EVEOKPLVIK®OV CUOTIUATWY KoL QUTES
OL CUUTIEPLPOPLKEG KAL (PUOLOAOYIKESG Slepyaoies ov-
Xva elval eEaoBevnpéves oe aoBeveis pe oxllo@pé-
velw, Selyvovtag kat v ap@idpoun emppon g
acBévelag pe ™ YAwpida.*>7°

To evtepkd pikpofiwpa pubuilel pla mokiAia
VEUPOTPOPLVOV KAl TPWTEIV®WY, OTIWG 0 VELPOTPO-
(PIKOG TIAPAYOVTAG TTOU TIPOEPXETAL ATIO TOV EYKE-
oo (Brain-derived neurotrophic factor, BDNF),
Tou £xeL SeyBel OTL ePMAEKOVTAL OTNV AVATITUEN
TOU EYKEPAAOV KOl OTNV TAXCTIKOTNTA TOv. Mei-
worm tov BDNF kat g €k@paong ¢ VTtopovadag
2a twv vtodoxéwv N-peBuA-d-acmaptiko (NMDA)
Bpebnke 6TOV PAOLO KL TOV ITITIOKAUTO {WWV UE
TApT amovcia evtePIKWVY HkpoBlwv og oUYKpL-
om He TNV opdda gAgyyxov.”®”” H vmoAettovpyia Tou
vmodoxéa NMDA mioteVetal OTL €lval KEVIPLKN
otV mabo@ualodoyia g oxt{o@pEveLag, KaBws ot
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QVTOYWVIOTEG TwV VTToSoxEwv NMDA apdayouvv ou-
UTITWUATA TIHPOUOLX LE TT) OXLOQPEVEL, EVW TTOPQA-
YOVTEG IOV €VIoXVOLV TN AELTOUpYiat TOU VTTOSOXEQ
NMDA pELOVOUV TA CUUTITWUATA Kol BEATLOVOLVY TN
YVWOTIKN AstTovpyia.’®

H mapoAdayn omv ék@pacn tov BDNF éxel ma-
patnpnBel 6TL mailel pOAO GTOV HOPLAKO UNYAVICHO
IOV VUTIOKPUTITEL TN YVWOTIKY SuGAslTovpyla ot
oxlo@pévela, eve perétes €dellav avénpéva emi-
TeESA TPO-PAEYHOVWSWV KUTOKLVWV 0poV o€ aoBOe-
vels pe oxllo@pevela o cUYKPLOT UE TNV opada
eAEyxoU KaBWES KAl CUOYETION TWV EMTESWY TWV
PAEYLOVWEWV SEIKTWV [E TN 0ofapOTNTA TWV KAL-
VIKOV cUPTTWHATWY.”? EmimAgoy, auinuévog Adyog
TWV CLOTNUATWY TwV T-fondnTikwV KuTTdpwy (T
helper cell, Th1/Th2) ava@épetal oe acBevelg pe
POyxwon oty oela o, YEYovag TTou VTTOSNAWVEL
auENUEVT EAEYHOV®OSET) ATIOKPLOT, EVM 1) LETATOTIL-
o1 AUTNG TNG AVAAOYLAG OE (PUOLOAOYLKEG TLUEG EXEL
ovoyetiotel pe Betikny amokplon oty Bepameia.’
Avta ta otolyela pmopel va emBapivouv apvnTika
T0o petafoAiikd oVVEpopo, KaBwWSG oNUAVTIKEG TPO-
TIOTIOMOELS TOV HIKPOBLwHaTog ocupfaivouy og TA
KO TTAYVoapKIQ, [e TNV eVTEPLKT XAwpida va Selyvel
va gAEyXeL T Slakivnon kal Ty amobnikevon Twv
amofepndTwy evépyelag, péow puOUONG TNG avo-
XS OTNV LVOOVAIVY KL TNV apvnTikn emiSpaon eml
TOU GUOTNHHATOS HEoW TIapaywyns evbotosvwv. Ta
AVWTEPW VTIOSELKVVOULVY T GUGYETLON Kol pixvouv
EMTAL0V WG OTOVUG TILOAVOUG UNYAVIGHOVG TIOU
EUTAEKOVV TN OXLOPPEVELA LLE TNV EKSNAWOT Kap-
Slayyelakwv voowv, aAAd Kal To avtioTpo@o.81
Emtiong, 6c0v agopd ot ovoTaoT TG YAwpidag kat
™ XpNomn avtpuxwoikng aywyns, £xel deiyBel 6TL
o€ aoBeveig mov AduBavav odaviativn Tapatnpn-
Onkav onuavTtikeg aAdayég kupiwg otnv adénon tov
Adyouv Firmicutes/Bacteroidetes kat otnv avénon
CUOTNUATIK®V SelkTwV 60TwG TNF-a, IL-1 kat IL-6.82
Emtiong, o€ HeEAETN TTPAYUATOTION|ONKE HETAUOTYEL-
o1 WKPOPBLOUATOG ATIO HOVTEAN TIOVTIKWV ETIL TNG
oxlo@pévelag oe TovTiKia eAevBepa pikpoBiwy,
omoTE TAPATNPNONKE TEPLOPLOUOS TNG TTOLKIADTY-
TOG TWV HKPOBiwv, avATTUEN CUYKEKPILEVWVY Ka-
NYOPLWV HikpoBiwv Kat emakoAovBa ox1{o@pevIKE
CUUTITOUOTA KAl VTTOAELTOVPYIX TOV yAouTapvep-
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YKoV cuotipatog.t?

ExT66 Twv dAAwV, pécw tpomomoinong g Stdfa-
OTG TOV TOLYWHATOG TOU YAGTPEVIEPIKOU, TTABOYO-
VOL TIAPAYOVTES UTTopoVV va SIEABOUV TIPOKAAWVTAG
EVEPYOTIOINOT TOU AVOCOTIONTLKOV Kat dnpovpyia
AKOUA KAL UTOAVOC WV ATIOKPICEWY, ELPAVIioVTAg
peyaAutepn mBavotnTa va StaBETouvy autoavTi-
owpata Kuplwg Evavtt ¢ apUYSAANG, TOU LTTO-
KQUTIOU KOl TOU HETWTLAiOU PAotoV.8*8 Emiong,
AQUENUEVA VTLYOVA £VAVTL TPOPWV, YAOUTEVNG Kal
kaleivng, eldika Bodvng, Bpébnkav e acOevelg ue
oxWo@pévela VTTOSAWVOVTAS TN onpacia ™G avti-
Spaong tov (§lov Tou opyavIoUoV og 0XEON WE TOV
Tapayovta eékBeong.te

O Dickerson kal 0L CUVEPYATEG TOU, OE WA TU-
XOUOTIOMUEVT], EAEYXOUEVT] HE ELKOVIKO OAPUAKO
KAWIKY pHeEAETN Slepedivnoav TIG EMISPACELS TwV
OCUUTIANPWHATWY TIPORLOTIK®OV OTA CUUTTWUATA
™G oXWOPPEVELAG KAL TNG YAOTPEVTEPLKNG AELTOVP-
yiag.?” AcBevels pe Nma éwg cofapd CUUTTOUATA
POxwong éAaBav mpoflotikd (ne Lactobacillus kot
Bifidobacterium) 1} eicovikd @apuako yia 14 eBdo-
uades. H perétn Swamiotwoe ot mapoAo mou Sev
TPooEPePe BEATIWON OTA CUUTITOUATA OXLOoPPE-
VELXG, 1] XOPNYNON TWV TPOLLOTIKWY CUCYETIOTNKE
pe BEATIWUEVT] YAOTPEVTEPLKT AELTOUPYia, TOAVOV
Adyw pUBULONG NG EVTEPIKNG AVOCOATIOKPLOTG. L€
HETETELTA HEAETT TOV (Slov TTANBLopoU e6eiyOn OTL
Ta emimeda Twv IgG évavtt tov Candida albicans oe
avdpes aoHevelg PELWONKE ONUAVTIKA, YEYOVOS TTOU
OUCXETIOTNKE pE PEATIWOELS OTIG YAOTPEVIEPIKESG
EVOYANoeLg Toug. %

AcBevelg pue oxllo@pévela ep@avifouvv ocuxva ya-
OTPEVTEPIKA TipoAHaTa,? Yeyovog Tou evSeyopé-
VWG OXETITETAL [LE TNV TPOTEVOUEVT] VOGOAOYIKT
TPoéAguon TG Slatapaxng Kol TapExeL pa Bewpn-
T Baomn ywx ™ Siepgvivnon Touv pOAOL TOU HIKPO-
Buwpatog otn oxllo@pévela. Le HeAET aobevwv pe
POyxwon mpwTou emelcodiov evtomioTnkav Stago-
PEG 0T oVVBeoN NG EVTEPIKNG YAwPISag, oupTe-
PLAQUBAVOUEVOL TOU UELWHUEVOU ETILTIOAACUOV TWV
eldwv Lactobacillus kat Bifidobacteria oe oykpion
pe vytels aoBeveic.”® Eivat onpovtikd dtL ot Stago-
PEG otV pKpoflaky cVOTACT] CUCXETIOTNKOVY UE
™ coBapPOTNTA TWV CUUTITWHATWY Kol TOV Kivduvo
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V@EONG KATA TNV TapakoAovbnon 12 unvwv, aArda
Sev ovoxetioTnKav pe ™ Slapkela TG Bepamelag pe
AVTUPUXWOLKA QAPHOKAL.

Ta avTIPUXWOIKA PAPUAKX £X0VV CUOYETIOTEL e
emBapuvon ™G KapSlayyelakng Asttovpylag kat
ToU petafoAtkoll cUVEPOLOV, EVW AVTIOTOLXA TIOA-
A& Sebopéva, IOV TAPOVCLACTNKAV KAl AVWTEPW,
GUVSEOLY TO TPOTIOTIOMUEVO UIKPORBIwNa HE TTor V-
oapkia kat petafoAikd cvvSpopo. O Maier kot ot ou-
vepYateg Tov?! €8sty OTL LVTIAPYEL Gueom eTtiSpao
TWV avTIUXWOLK®V Tl LVNBLoPEVWY piKpoRiwy
Tov oxetilovtal pe tn PBeAtiwon ™G HETABOALKNG
UYElaG Kal TIEPLOPLONOG TOUG, EVW 1) UTTapEn oUYKe-
KPLWEVWY KaTnyoplwv pikpofiwv é8ele va amoTte-
Ael onpavTIKO ALTIoA0YIKO TIHPAYOVTa 6TV aVEN o
B&poug, v emtnpéace Kat 0EPE PAEYHOVWEWY, QU-
GLOAOY LKWV Kol PKpofLakwv Setktwv.”? Emtiong, ofi-
ZeL vV TOVIOTEL TO YEYOVOG OTL AUTEG OL ALY EC ) TAV
EVTOVOTEPEG O€ APOEVIKA {wa KAl BeATiwONKav pe
™ xpnon avtifotikwv.”® Avtiotoya, 1 xprion g
SeVTEPN G YEVLAS AvTIPUXWOLKNG PLOTIEPLEOVNG KAL T
Sevutepoyevng avenon Bapoug £xouv CUOYETIOTEL e
TPOTIOTIOMUEVO WIKpOPiwpa o€ £@nBoug apoevikon
@UAOV, €V OUOYETIOTNKE KAl UE TIEPLOPLOUO TNG
BlomoklAGTNTAG.** AdOYy®w QUTNG TNG TEKUNPLWUEVNG
AAANAETSpaoN G TWV AVTIPUXWOIK®OV KAl TNG XAw-
pidag tov evtépov, AauBdavovtag vmoYT TV Eemi-
Spaon TwV GUVTAYOYPAPOVHEVWV PAPUAK®WY OTX
HkpoBLa, Ba pmopovioav va Elval fla OTUOVTIKY JE-
TafANT 0Tav e€etalovTtal oL AAANAETSPACELS Le-
TV EevioT) Kal @AapUAKOU 0€ HEAAOVTIKEG HEAETEG.

4. Yvpmepdopata

Ta TTpoBLoTIKE XOPNYOUVTAL HECK ATIO TPOWPES OTIWG
YOAQKTOKOUIKG TIPOiovTA, QAA& Kol HE TN HOpEN
akeAlokwv 1 KaPovAwv. Av Kol oL TIPOKATOPKTL-
KEG LEAETEG iVl 0AP®G VTIOCYOUEVES, ATIALTOVVTAL
EAEYXOUEVES [LE ELKOVIKO PAPUAKO TUXNLOTIOUEVES
SIMAG-TUEAEG KAWVIKEG SOKLUEG Yl Vo SLEVKPLVL-
otel 0 CLUUTANPWUATIKOG POAOG TWV TIPOPBLOTIKWV
ot Bepamela Twv Puxikwv voowv. H emroyr twv
mpoflotikwv PBaktmpiwv, n BéAtiotn Sdom, o TpoO-
T0G XYopnynong kat n Siapkela g Bepameiog pévet
va kaBoplotolv emakplBws. O Aemrtopepng xopa-
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KTNPLOUOG TOU OTEAEXOVUG QTALTELTAL €MONG Yl
o0Aa ta mBava mpoPloTikd, deSopévou OTL ot evSei-
£elg cuooWPEVOVTAL KoL VTTOSNAWVOUV [ oAdO(-
womn ™G avoAoyiag Twv Baktnpidiwy Tov evtépov.
Emopévwg, @aivetal Aoyikd pa mapepfacr Tpog
™MV KatevBuvorn ™G SLapdPEWONG NG EVTEPLKNG
¥Awpidag va eivat Beptn. '0Ao kot TEPLOCOTEPO, OL
€peuveg VTTOSELKVVOLVY OTL T TIPORLOTIKA UTTopEl va
TPOGPEPOVY EVAAANKTLIKI] 1] CUUTIANPWUATIKY TIPO-
oéyylon s ouppatikng Bepameiag, petafaiiovrag
TNV EVTEPLKI] HKPOXAwPISa KAl TPOTIOTIOLWVTAS TO
AVOCOTIOMTIKO VO TN A TOV EEVIOTY).

H ouvexilopevn egepevvnon tov avBpwmivou pi-
KPOBLOUATOG VTIOCYETAL VA (PEPEL TN OUVOEDT LlE-
TadV TOU EVTEPOU KAL TOU EYKEQPAAOV OE CAPEDTE-
pn eotiaon, Selyvovtag TEAKA TOV AVTIKTUTIO 0TV
KQTAOGTHON TOU VOU UG TIOU UTIOPEL val ETTLPEPEL T
ovoTaon TG evtepkns YAwpidag. H oVvvdeon evté-
POV-EYKEPAAOL @aiveTal vo glval ap@idpoun, o
EYKEPOAOG Spal ETIL YAOTPEVTEPLKDV KAL AVOCOTIOL-
NTIKWOV AELTOVPYLWVY TIOU GLUBGAAOLVY o SLapop-
PwoN ™G HKpoPLakng cUvOeoN G TOL EVTEPOL Kal
Ta HKPOBLa Tov evtépou Snuiovpyovv vevpodpa-
OTIKEG EVWOELS, CUUTIEPIAQUBAVOUEVWY TWV VEVPO-
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Safifactwv kat petafoiitwv, mov Spouvv emiong
otov gyké@ado. Ta pikpofia tou evtépov Bonbovv
oToV €AEyX0 NG SLATEPATOTNTAG TOGO HEGW TOU
EVTEPLKOV €TIIONAIOL 000 KAl HECW TOV AUUATOEYKE-
@AALKOU PAYUOV, 0 0TIO{0G TIPOCTATEVEL TOV EYKE-
Ao atd SuvnTikd emBAafeis TapdyovTes.

Oa pmopovoe va TpoTabel OTL v TPOTIOTIOW LE-
Vo pikpoBiwpa pmopel va cupBAaAAeL o avwpaAieg
OTNV QVATITUEN TOU EYKEPAAOVL, GE QAVOGOAOYLKN
amopLOuLon, petaBoAikn SvoAettovpylia kal og Yu-
XIKES Sratapayxés. Qotdoo, 1 oploBétnon pag oxE-
ong petad plag ouyKeKPLUEVNG HIKpOXAwPISag Kat
HLOG OUYKEKPLUEVNG VEUPOPUXLATPLKNG Statapayfs
elvat TOAVTIAOKY, KoL AKOUA KAl oV UTIAPXEL SLaoVV-
Seom, pmopel va elval Pn A pwG GUYKEKPLUEVT), EVD
oL oUOYXeTIOHOL PETAED E€8IKNG VELPOPUXLATPLKNG
vOOOU Kal CUYKEKPLUEVOL TEPLBAAAOVTIKOU Ttapa-
YOVTQ 1] avOo0A0YLKOU Selktn N pikpofiakol Tpo-
@A glva ouxva acagels.

Katd tnv oAloTikn Tpocéyylon ot HEAETT TG Si-
atnpnong ¢ PuxIKNAg VYIS KAl TWV TTAPAYOVTWY
TV PuyIKOV Statapayxwy, Toviletal n onuacio tov
HKPOBLWOLATOG TOU EVTEPOV TO OTIO(0 KATEXEL TTAEOV
évav onpavtiko poro. O
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ABSTRACT

The microbiome is a multivariate system in species and quantity
of microbes that it is involved in various physiological functions.
Disruption, reduction or imbalance of microbial species appears
consist of a factor in various pathophysiological disorders, such
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as diabetes, obesity and cardiovascular disease. Inflammation and
oxidative stress appear to be major interconnected mechanisms that
lead to these imbalances via microbial imbalance. A major role in these
processes play the microbiome-intestinal-brain axis, a complex multi-
organ, bidirectional, signalling system between the intestinal flora
and the brain, influencing host physiology, homeostasis, growth and
metabolism and modifying the systemic and intestinal immune system.
The microbiome seems to be related to the occurrence, promotion
and development of serious psychiatric diseases. The microbiome and
inflammatory markers are modified in these diseases, and potentially
these are partly implicated to the occurrence of other complications of
those diseases in the peripheral system. Furthermore, the medication
against these diseases could modify the intestinal flora involved
in the synthesis of neuroactive, inflammatory, and various others
substances. Metabolic complications of various drugs also appears to
be associated partly with a modified microbiome. Based on the above,
it seems that microbiome and probiotics could play an important
role in the development, regulation and function of the brain as well
as in its deregulation. However, it is difficult to establish a perfectly
clear demarcation and absolute correlation between microbiome and
psychiatric disorders due to the complexity and variety of the involved
systems and further studies are needed.
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Promising Targets for Neuroregenerative
Drugs Among Intracellular Signaling
Molecules of Nerve Tissue Progenitors
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neurodegenerative

diseases; neuronal- A promising direction of the development of new approaches to improving

committed progenitors; the effectiveness of neurodegenerative disease therapy is the stimulation of

neural stem cells; neurogenesis by activating the functions of progenitor cells of nerve tissue.

neuroregeneration; In vitro, the role of NF-kB-, cAMP/PKA-, JAKs/STAT3-, ERK1/2-, p38-, JNK-

signaling transduction = u p53-mediated signaling pathways in realizing the growth potential of

neuronal-committed progenitors (NCP, PSA-NCAM + clonogenic cells) was

studied. To do this, the method of the pharmacological blockade with the

use of selective inhibitors of individual signaling molecules was used. The

features of intracellular signaling in the neuronal-committed progenitors

have been revealed. The functional value of individual signaling molecules

in the precursors of neurons and multipotent neural stem cells (NSC)

was compared. Some of the fundamental differences in participation and

the role of certain signaling molecules in determining the proliferation

and differentiation of progenitors of different types have been revealed.

It has been possible to develop tools with neuroregenerative activity

based on STAT3 inhibitors or JNK activators. It is shown that the blockade

of STAT3 leads to the stimulation of the combined predecessors against

the background of the absence of a “negative” effect on the functioning of

multipotent progenitor cells. The possibility of isolated induction of the

progression of the NSC cell cycle by activation of JNK has been revealed.

*CORRESPONDING AUTHOR:  The possibility of induction of the progression of the NSC cell cycle with the
Gleb N.Zyuz’kov ~ help of JNK activation has been detected.

Email: zgn@ pharmso.ru

1. Introduction

Neurodegeneration, including the dysfunction of the
systems of cellular renewal of nerve tissue, is accom-
panied by a pronounced reorganization of the central
nervous system and the formation of a qualitative-

88

ly new pathological, pattern of brain structures'3,
The current concept of pharmacotherapy of these
states, based on the principle of modulation of the
functions of mature cells of nerve tissue preserved
in the conditions of pathology, is completely unten-
able. Available drugs are often not able to restore
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the morphofunctional state of the central nervous
system as well as to prevent the progression of dis-
eases*”®. In this regard, it seems relevant to develop
new drugs for the treatment of neurodegenerative
diseases with fundamentally different mechanisms
of action.

The development of approaches for stimulating
neurogenesis by activating the functions of progeni-
tor cells of the nervous tissue — multipotent neural
stem cells (NSC) and neuronal-committed progeni-
tors (committed precursors of neurons) looks prom-
ising®”.

Information obtained in recent years on the prop-
erties and patterns of stem cell (SC) functioning has
led to the development of the «Pharmacological
strategy of regenerative medicine», which is based
on the principle of imitation of the activity of natural
regulatory systems for the functioning of endoge-
nous progenitor cells using drugs - analogs of endog-
enous regulators of SC functions?. At the same time,
the modern trend in the development of drugs is the
creation of highly selective (targeted) drugs. By se-
lectivity, in this case, it should be understood selec-
tive action, to a specific organ or tissue and the effect
on specific cellular and/or subcellular structures®#
%. In this aspect receptors to growth factors could be
considered. However, genetically engineered growth
factors do not fully comply with the requirements
for drugs, in terms of selectivity and safety criteria.
Almost all growth factors, to one degree or another,
are pleiotropic and multifunctional regulators, and
their protein nature, initially determines relatively
high immunogenicity and toxicity. Several pharma-
cokinetic characteristics of cytokine analogs are also
unacceptable3. At the same time, it is known that the
implementation of external signals occurs through
an intracellular signaling system, represented by
cascades of signaling molecules sequentially activat-
ed by each other®'°. OQur information on the particu-
larities of intracellular signaling in epigenetically
and functionally different progenitor cells® served
as the basis for creating a new direction of targeted
therapy in regenerative medicine - “Strategy of the
pharmacological regulation of intracellular signal
transduction in regeneration-competent cells”® °.

G.N. Zyuz'kov et al, Pharmakeftiki, 33,11, 2021 | 88-96

This approach involves the use of key components
of intracellular signal transduction as targets that
determine the realization of the growth potential of
various progenitor cells and the functioning of tis-
sue microenvironment elements that indirectly de-
termine the course of reparative processes in tissues
in various progenitors. In this case, the identification
of the specific role of individual signaling molecules
(potential targets) in the regulation of the cell cycle
of various types of parent cells is a basic stage in the
development of this direction. For the development
of agents with neuroregenerative activity, signaling
molecules that do not possess the opposite impor-
tance for the functioning of NSC and neuronal-com-
mitted progenitors (NCP)- eg. the stimulating effect
on one type of progenitors does not inhibit at the
same time the functioning of another type of pro-
genitors)- and which also do not possess a “nega-
tive” effect on the vital functions of mature neurons
and the neurotrophic function of glial cells (neuro-
trophic function), can be considered a promising
approach!®. Previously, we studied the features of
intracellular signaling in the NSC®.

The work aimed to study the role of NF-kB-,
cAMP/PKA-, JAKs/STAT3-, ERK1/2-, p38-, ]NK- u
p53-mediated pathways in the implementation of
the functions of the neuronal-committed progeni-
tors in vitro.

2. Materials and methods
2.1 Chemicals and Drugs

Serum-free MACS Neuro Medium; anti-PSA-NCAM
MicroBeads (Miltenyi Biotec, Germany); The follow-
ing inhibitors of signaling molecules have been used
(in brackets the concentration of in vitro is indicat-
ed). For NF-kB : aurothiomalate (50 uM), for ERK1/2
: PD98059 (100 uM); for p38: SB203580 (10 uM);
for adenylate cyclase (AC): 2’5’-dideoxyadenosine
(30 uM), for PKA: KT3761 (10 uM); for STAT3: STAT3
Inhibitor XIV, LLL12» (5 uM) (all manufactured by
Calbiochem, USA); for JAKs : Pan JAK Inhibitor Rux-
olitinib (200 nM), for JNK: SP600125» (10 puM) (all
manufactured by InvivoGen, USA); for p53 «Pifithrin-c,
Cyclic» (5 uM) (Santa Cruz Biotechnology, Inc., USA).
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The working concentrations of inhibitors of signaling
molecules were determined following the instructions
of the developers of these reagents and confirmed as
optimal in preliminary experiments on test crops. Hy-
droxyurea was from Calbiochem, USA; plastic plates
for cultural studies were from Costar, USA).

2.2 Animals and Experimental Design

All animal experiments were carried out following the
UK. Animals (Scientific Procedures) Act, 1986 and
associated guidelines, EU Directive 2010/63/EU for
animal experiments. The study was approved by the
Institute’s local Ethics Committee (Goldberg Research
Institute of Pharmacology and Regenerative Medicine,
Tomsk National Research Medical Center, Russian
Academy of Sciences). Experiments were carried out
on C57B1/6 mice (n=69) at the age of 2-2.5 months,
weighing 20-22 g (7 mice in each experimental group
(with each signaling molecule inhibitor) and 6 mice in
the control group (culture without signaling molecule
inhibitors)). Animals of the 1st category (convention-
al linear mice) were obtained from the Experimental
Biological Models Department of Goldberg Research
Institute of Pharmacology and Regenerative Medicine
(Tomsk, Russia) (certificate available). Before the be-
ginning of experiments (during 10 days) and over the
study period, animals were contained in the vivarium
(air temperature 20-220C, humidity 50-60 %) in plas-
tic cages (10-15 mice) on a normal diet (solid diet pel-
lets (Limited Liability Company «Assortiment Firmy,
Sergiev Posad city, Russia), water ad libitum. To ex-
clude seasonal fluctuations of studied parameters, all
the experiments were performed in the autumn-win-
ter period. The animals were removed from the exper-
iment (sacrificed) using CO2 cameras.

Using the cultural methods, we studied the direct
effect of the signaling molecule inhibitors on the re-
alization of the growth potential of neural tissue pre-
cursor cells in vitro.

2.3 Study of functional activity of neuronal-commit-
ted progenitors

To study neuronal-committed progenitors (NCP)
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from cells of the subventricular zone (SVZ) of the
brain an immunomagnetic separator “MIniMACS
Cell Separator” (Miltenyi Biotec, Germany), PSA-
NCAM (CD56 +) was used. Cells were obtained by
positive selection'? (using appropriate antibody Kits
according to the methodological manufacturer’s in-
structions). The PSA-NCAM + cells at a concentration
of 105 / ml were incubated in MACS Neuro Medium
(Miltenyi Biotec, Germany) for 5 days in a CO2 incu-
bator at 37°C, 5% C02, and 100% air humidity with
signaling molecules inhibitors. After incubation, the
content of clonogenic cells, their mitotic activity, and
intensity of specialization was calculated.

The number of NCP was determined by the yield in
the respective cultures of colony-forming units (CFU,
CFU-NPSA-NCAM+, colonies containing more than
100 cells). The proliferative activity of the progeni-
tor cells was assessed by the method of cell suicide
using hydroxyurea (1 uM). The pool of CFU in the
S-phase of the cell cycle was determined according
to the formula: N = [(a-b)/a] x 100%, where a is the
average for the group the number of CFU from cells
not treated with hydroxyurea; b - the average for the
group the number of CFU from cells treated with hy-
droxyurea. The intensity of the processes of special-
ization (differentiation/maturation) of progenitor
elements was determined by calculating the ratio of
the corresponding cluster-forming units (CIFU, neu-
rospheres of 30 - 100 cells) to CFU (differentiation
index)'%. The control was the NCAM + cells culture
without signaling molecules inhibitors.

2.4 Statistical Analysis

The results were analyzed with one-way ANOVA fol-
lowed by Dunnett’s test, Wilcoxon’s test for depend-
ent samples, and Mann-Whitney test for independ-
ent samples. The data are expressed as arithmetic
means. The significance level was p < 0.05™

3. Results
3.1 Role of cAMP/PKA-signaling in the regulation of

the functions of the neuronal-committed progenitors

There has been an increase in the output of CFU-NPSA-
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NCAM+ (Figure 1), their proliferation activity (Figure
2), and the rate of differentiation (Figure 3) during the
blockade of adenylate cyclase against the background
in the absence of significant changes in the functioning
of the selective inactivation of PKA. The different ef-
fects of the adenylate cyclase and PKA inhibitors on the
functional state of CFU-NPSA-NCAM+ are likely to in-
dicate the potential bivalent nature of cAMP-mediated
signaling for the functioning of the committed precur-
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sors of neurons®. The described phenomenon is the ab-
sence of PKA/CREB-signaling effect on their mitotic ac-
tivity, while the decrease in intracellular concentration
of cAMP (blockade of adenylate cyclase) stimulates the
progression of the cell cycle by interacting with alter-
native secondary messengers (without the participa-
tion of PKA), possibly by activating the Ca2+/calmod-
ulin-dependent protein kinase and MAPK-pathways*®.
It is important that the increase in intracellular cAMP

*
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inhibitor inhibitor inhibitor inhibitor inhibitor inhibitor inhibitor inhibitor inhibitor

Figure 1. Number of CFU-NPSA-NCAM+ in the cell culture.
Here and in figures 1-3: cell culture without inhibitors alcohol (intact) and when adding in vitro inhibitors of
the: NF-kB, ERK1 / 2, p38, adenylate cyclase (AC), PKA, JNK, p53, JAKs, STAT3. * - the significance of differences

in indicators with intact at p < 0.05.
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Figure 2. Proliferative activity of neuronal-committed progenitors.
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Figure 3. Differentiation intensity (CIFU-NPSA-NCAM+ / CFU-NPSA-NCAM+) (D) of neuronal-committed pro-

genitors.

concentrations in their most postnatal cells, inhibits on
the contrary mitotic activity®'°.

3.2 Role JAKs/STAT3-signaling in the regulation of the
functions of the neuronal-committed progenitors

The stimulation of colony formation of PSA-NCAM+
cells and their proliferative activity was observed in
violation of STAT3 phosphorylation (additions to the
cultural environment of the STAT3 inhibitor) (Figure
1,2). Theidentified phenomenon is of particular inter-
est in the development of pharmacological approach-
es to stimulation of neurogenesis, as it is known that
in some cases plays a key role in carcinogenesis. On
this basis, the development of drugs based on block-
ers of this protein (STAT3) meets the requirements
of carcinogenic safety, which is especially important
in the creation of drugs for regenerative medicine (to
minimize the risk of tumor transformation).

At the same time, the inactivation of JAKs, phos-
phorylating of the STAT proteins family'*'’, caused a
change only in the rate of differentiation of CFU-NP-
SA-NCAM+ (Figure 3). This fact was related to the se-
lectivity of the Ruxolitinib used as a Pan-JAKs inhibi-
tor. The Ruxolitinib has a pronounced blocking effect
against JAK1, JAK2, and, to a lesser extent, JAK3,
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against TYK2 (the fourth representative of JAKs)'®.
Thus, JAK3 and/or TYK2 are likely to play a major
role in activating STAT3 in the combined neuronal
precursors, and the influence of Ruxolitinib on the
intensity of the specialization of CFU-NPSA-NCAM+
is determined by the phosphorylation of JAK1 and
JAK2 by other representatives of STAT proteins.

3.3 Role ERK1/2 and p38-signaling in the regulation
of the functions of the neuronal-committed progeni-
tors

Unambiguous results were obtained in the study of
the participation of individual MAPK (mitogen-acti-
vated protein kinase) in the realization of the growth
potential of the neuronal-committed progenitors. The
ERK1/2 inhibitor and the p38 inhibitor reduced colo-
ny formation of PSA-NCAM+ cells (Figure 1) and CFU-
NPSA-NCAM-+ proliferative activity (Figure 2) against
the backdrop of increasing maturation rate (Figure 3).

3.4 Role [NK/p53-signaling in the regulation of the
functions of the neuronal-committed progenitors

The pharmacological blockade of JNK did not affect
the output of CFU-NPSA-NCAM+, as well as the num-
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Figure 4. The role of individual intracellular signaling pathways in the regulation of proliferative activity of

neuronal-committed progenitors and neural stem cells.

Arrows marked by a simple line indicate not involvement of the proteins in the regulation; arrows marked by a
thick line indicate stimulation of proliferative activity; arrows marked by a dashed line indicate target inhibi-
tion of proliferative activity; curly (red) arrows show on prospective targets for drugs with neuroregenerative

activity.

ber of their mitotic-active cells and the intensity of
differentiation (Figure 1, 2, 3).

Similar results were obtained in the inactivation
of p53. There was no progression of the cell cycle.
This circumstance undoubtedly has a significant sci-
entific and theoretical interest and requires further
study. The pro-apoptotic function of this protein and
its role in preventing spontaneous carcinogenesis
19, for drug safety, make the study of the possibility
of using p53 inhibitors for neuroregeneration un-
promising.

3.5 Role NF-kB-signaling in the regulation of the func-
tions of the neuronal-committed progenitors

The study of the participation of the nuclear tran-
scription factor in the regulation of the functions of
PSA-NCAM+ clonogenic cells did not reveal the ef-

fect of the NF-kB inhibitor on the parameters under
study (Figure 1, 2, 3). The levels of colony formation,
the amount of CFU-NPSA-NCAM+ in the S-phase of
the cell cycle, and the intensity of cell differentiation
were not different from those in the environment
without the addition of the NF-kB inhibitor.

4. Discussion

Comparative analysis of the identified role of in-
dividual signaling molecules in the functioning of
neuronal-committed progenitors with their role in
multipotent neural SC, studied previously by our
group® ¢ (Figure 4), confirms the findings on the pres-
ence of specific features of intracellular signaling
transduction in the regulation of different types of pro-
genitors®. The results of the experiments indicate the
existence of some fundamental differences in the par-
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ticipation and role of individual signaling molecules in
determining the proliferative and differential status of
the neuronal-committed progenitors and NSC.

Previous studies have shown the same role as
ERK1/2 and p38 in controlling the proliferative
activity of NSC as that found in this study for neu-
ronal-committed progenitor functions® (Figure
4). At the same time, the distinctive feature of the
molecular mechanisms of the regulation of NSC
functions in comparison with those in NCP is the
lack of participation of STAT3 in their functions.
Besides, cAMP/PKA/CREB-pathways have the op-
posite value in realizing the growth potential of
NSC. The cAMP synthesis in NSC is accompanied
by an increase in their functional activity® '¢.

An important difference in the regulation of NSC
functions is the stimulating role of JNK and p53 con-
cerning the progression of the cell cycle. However, in
the neuronal-committed progenitors, such a fact was
not detected. At the same time, it is known that the
main value of p53 in cells is to ensure the stability of
their genome?. Therefore, from the point of view of
drug safety, p53 in principle can not be considered
as drug target for the therapy of neurodegenerative
diseases.

5. Conclusion

Thus, the comparison of the role of individual sig-
naling molecules in different types of progenitors
of the nervous tissue demonstrates the prospect of
developing novel neuroregenerative drugs, based on
STAT3 inhibitors and JNK activators. These modifiers
of signaling molecule activity can stimulate the reali-
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zation of the growth potential of the neuronal-com-
mitted progenitors and NSC respectively. At the
same time, the blockade of STAT3 does not have a
“negative” effect on the functioning of multipotent
progenitor cells, and the increase in the content of
phosphorylated forms of J]NK in NCP does not inhibit
their proliferation and differentiation. Also, to date,
itis believed that the blockage of STAT3 or activation
of JNK is not able to reduce the neurotrophic func-
tion of neuroglia cells’, the importance of which is
difficult to overestimate for neuroregeneration?’. [

Acknowledgments

The study was carried out with the financial support
of the RFBR in the framework of scientific project
No. 18-015-00013.

Conflict of interest
The authors declare no conflict of interest.

Abbreviations

NF-kB - nuclear factor kappaB, nuclear factor
k-light-chain-enhancer of activated B cells); JAK -
Janus kinases; STAT - signal transducer and activa-
tor of transcription; MAPK - mitogen-activated pro-
tein kinases; ERK % - extracellular signal-regulated
kinase; p38 - p38 mitogen-activated protein kinase;
cAMP - cyclic adenosine monophosphate; PKA - pro-
tein kinase A; CREB - cAMP response element-bind-
ing protein; JNK - c-Jun N-terminal kinase; p53
-p53 tumor suppressor; CFU-NPSA-NCAM+ - col-
ony-forming units of clonogenic PSA-NCAM+ cells;
CIFU-NPSA-NCAM+ - cluster-forming units of clono-
genic PSA-NCAM+ cells.



G.N. Zyuz’kov et al, apuaxevtikn, 33,11,2021 | 88-96

REFERENCES

Neal M, Richardson JR. Epigenetic regulation
of astrocyte function in neuroinflammation
and neurodegeneration. Biochim. Biophys.
Acta Mol. Basis Dis. 1864, 432-43,2018.
Jellinger KA. Neuropathology and pathogen-
esis of extrapyramidal movement disorders:
a critical update. II. Hyperkinetic disorders.
J. Neural. Transm. (Vienna) 126, 997-1027,
20109.

Zyuz’kov G.N. Targeted Regulation of Intra-
cellular Signal Transduction in Regenera-
tion-Competent Cells: A new Direction for
Therapy in Regenerative Medicine. Biointer-
face Res. Appl. Chem. 11, 12238-51, 2021.
Brick RM, Sun AX, Tuan RS. Neurotrophically
Induced Mesenchymal Progenitor Cells De-
rived from Induced Pluripotent Stem Cells
Enhance Neuritogenesis via Neurotrophin
and Cytokine Production. Stem Cells Transl
Med. 7, 45-58, 2018.

Zyuz'kov GN, Zhdanov VV, Udut EV, Mirosh-
nichenko LA, Polyakova TYu, Stavrova LA,
Udut VV. Strategy of Pharmacological Reg-
ulation of Intracellular Signal Transduction
in Regeneration-Competent Cells. Bull. Exp.
Biol. Med. 166, 448-55, 2019.

Zyuz’kov GN, Zhdanov VV, Udut EV, Mirosh-
nichenko LA, Polyakova TYu, Stavrova LA,
Chaikovskii AV, Simanina EV, Minakova MY,
Udu, VV. Peculiarities of Intracellular Signal
Transduction in the Regulation of Functions
of Mesenchymal, Neural, and Hematopoiet-
ic Progenitor Cells. Bull. Exp. Biol. Med. 167,
201-6, 2019.

Zyuz’kov GN, Miroshnichenko LA, Simanina
EV, Polyakova TYu. Prospects for using mito-
gen-activated protein kinases ERK1/2 and
p38 of nerve tissue progenitors as pharma-
cological targets for the treatment of neuro-
degeneration caused by alcohol. Bull. Pharm.
Sci. 43, 217-24, 2020.

Mavers M, Ruderman EM, Perlman H. Intra-
cellular signal pathways: potential for thera-

G.N. Zyuz'kov et al, Pharmakeftiki, 33,11, 2021 | 88-96

10.

11.

12.

13.

14.

15.

pies. Curr. Rheumatol. Rep. 11, 378-85, 2009.
Zyuz’kov GN, Suslov NI, Miroshnichenko LA,
Simanina EV, Polyakova TYu, Stavrova LA,
Zhdanov VV, Minakova MYu, Udut EV, Udut
VV. Halogenated (Cl-ion) songorine is a new
original agonist of fibroblast growth factor
receptors of neuronal-committed progeni-
tors possessing neuroregenerative effect af-
ter cerebral ischemia and hypoxia in experi-
mental animals. Biointerface Res. Appl. Chem.
9,4317-26, 2019.

Kenakin T. Signaling bias in drug discovery.
Expert Opin. Drug Discov. 12, 321-33, 2017.
Zyuz’kov GN, Stavrova LA, Miroshnichenko
LA, Polyakova TYu, Simanina EV. Prospects
for the Use of NF-kb Inhibitors to Stimulate
the Functions of Regeneration-Competent
Cells of Nerve Tissue and Neuroregenera-
tion in Ethanol-Induced Neurodegeneration.
Biointerface Res. Appl. Chem. 11, 8065 -74,
2021.

Seki T. Expression patterns of immature
neuronal markers PSA-NCAM, CRMP-4 and
NeuroD in the hippocampus of young adult
and aged rodents. J. Neurosci. Res. 70, 327-
34,2002.

Zyuz’kov GN, Udut EV, Miroshnichenko LA,
Polyakova TY, Simanina EV, Stavrova LA,
Chaikovskii AV, Agafonov VI, Borodulina
EV, Timofeev MS, Zyuz'’kova YuN, Danilets
MG, Zhdanov VV, Udut VV. Particular Role of
JAK/STAT3 Signaling in Functional Control
of Mesenchymal Progenitor Cells. Bull. Exp.
Biol. Med. 164, 316-19, 2018.

Curtis M], Bond RA, Spina D, Ahluwalia A,
Alexander SP, Giembycz MA. Experimental
design and analysis and theirreporting: new
guidance for publication in BJP. Br. J. Phar-
macol. 172, 3461-71, 2015.

Jauregui E, Du L, Gleason C, Poovaiah BW.
Autophosphorylation of calcium/calmod-
ulin-dependent protein kinase (CCaMK) at
S343 or S344 generates an intramolecular

95



®APMAKEYTIKH, 33,11, 2021 | 88-96

EPEYNHTIKH EPTAXIA

PHARMAKEFTIK]I, 33,11, 2021 | 88-96

16.

17.

18.

96

interaction blocking the CaM-binding. Plant
Signal. Behav. 12,e1343779, 2017.

Mu Y, Lee SW, Gage FH. Signaling in adult
neurogenesis. Curr. Opin. Neurobiol. 20, 416-
23,2010.

Zgheib A, Pelletier-Bonnier E, Levros LC Jr,
Annabi B. Selective JAK/STAT3 signalling
regulates transcription of colony stimulating
factor-2 and -3 in Concanavalin-A-activat-
ed mesenchymal stromal cells. Cytokine 63,
187-93, 2013.

Heine A, Held SA, Daecke SN, Wallner S, Ya-

19.

20.

RESEARCH ARTICLE

jnanarayana SP, Kurts C, Wolf D, Brossart P.
The JAK-inhibitor ruxolitinib impairs den-
dritic cell function in vitro and in vivo. Blood
122,1192-202, 2013.

Karakostis K, Fahraeus R. Shaping the regu-
lation of the p53 mRNA tumour suppressor:
the co-evolution of genetic signatures. BMC
Cancer 19, 915, 2019.

Dzamba D, Harantova L, Butenko O, An-
derova M. Glial Cells - The Key Elements of
Alzheimer’s Disease. Curr. Alzheimer. Res. 13,
894-911, 2016.



LE Belenichev et al, apuaxevtikn, 33,11,2021 | 97-106

LE Belenichev et al, Pharmakeftiki, 33, 11, 2021 | 97-106

Neuroprotective and Anti-apoptotic
Activity of the IL-1 Antagonist RAIL-gel
in Rats after Ketamine Anesthesia

Igor F. Belenichev?, Bogdan S. Burlaka?, Olga I. Ryzhenko3, Victor P. Ryzhenko %, Olena G. Aliyeva®,

Lyudmyla V. Makyeyeva*®

Department of Pharmacology and Medical Formulation with Course of Normal Physiology, Zaporizhzhia

State Medical University, Zaporizhzhia, Ukraine

2Department of Technology of Drugs, Zaporizhzhia State Medical University, Zaporizhzhia, Ukraine
3Department of Children Diseases, Faculty of Post-graduate Education, Zaporizhzhia State Medical University,

Zaporizhzhia, Ukraine

“Department of Medical and Pharmaceutical Informatics and Advanced Technologies, Zaporizhzhia State

Medical University, Zaporizhzhia, Ukraine

*Department of Histology, Cytology and Embryology, Zaporizhzhia State Medical University, Zaporizhzhia,

KEY WORDS:

IL-1 antagonist, Citicoline,
Piracetam, Neuroprotective
agents, c bcl-2 proteins, c fos
proteins, neurons.

*CORRESPONDING AUTHOR:
Lyudmyla V. Makyeyeva

e-mail:
lyudmylamakyeyeva@gmail.com

Ukraine

ABSTRACT

Introduction: The choice of medicines for total intravenous anesthesia re-
mains a relevant issue in practical anesthesiology. Ketamine is a well-known
drug that has been widely used in the world, however its’ effect on the CNS
is debatable. It is reasonable to question the use of neuroprotective agents to
protect against the negative effects of general anesthesia. Some studies have
shown the neuroprotective activity of the RAIL. A new dosage form of RAIL - a
gel for intranasal administration has been developed. This study was designed
to evaluate the neuroprotective and anti-apoptotic activity of RAIL-gel in com-
parison with Citicoline and Piracetam during ketamine anesthesia

Methods: In this study, 50 white nonlinear rats were randomly assigned to 5
groups: intact, ketamine anesthesia group, ketamine anesthesia + Piracetam
(500 mg/kg, intraperitoneally) group, ketamine anesthesia + Citicoline (500
mg/kg, intraperitoneally) group, ketamine anesthesia + RAIL-gel (1 mg / kg
intranasally) group. Expression of c-fos in the CA1 zone of the hippocampus
and concentration of bcl-2 protein in the cytoplasmic fraction of the brain were
determined by indirect immunofluorescence and Western blot analysis respec-
tively.

Results: Our research demonstrated the neurodegradative effect of ketamine
anesthesia. The use of neuroprotective agents (Piracetam, Citicoline, RAIL-gel)
in rats after general anesthesia led to a decrease in the neurodegradative effect
of ketamine. The neuroprotective effect of RAIL-gel was significantly higher
compared to reference drugs (p < 0.05).

Conclusion: The neuroprotective effect of RAIL-gel is an experimental justifi-
cation for further study of IL-1(3 RAIL antagonist as a potential neuroprotective
agent.
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Introduction

The choice of medicines for total intravenous anes-
thesia remains a relevant issue in practical anesthe-
siology for many years. Requirements for drugs that
cause anesthesia are numerous and varied - rapid
onset of anesthesia, high efficiency, controllability,
safety and more, but in recent years, these criteria
have been supplemented by the absence or mini-
mal negative impact on the central nervous system
(CNS).

Ketamine is a well-known drug that has been wide-
ly used in the world since the 1970s. Its mechanism
of action is associated with non-competitive N-me-
thyl-D-aspartate receptors (NMDA receptor) antago-
nism, leading to functional disorganization of non-
specific midbrain and thalamic ligaments, causing
dissociative anesthesia® 3. Ketamine was developed
as a safe alternative to phencyclidine, the neurotox-
icity of which has been known and experimentally
proven*™, For many years, scientific debate about
ketamine effect on the CNS is going on. Some authors
in their articles report data on the neuroprotective
properties of this drug, suggesting its use in order to
reduce brain damage in acute CNS lesions®, or dis-
cuss its neuroprotection at the cellular level®. Others
have experimentally demonstrated that it causes
neuroapoptosis and prolonged behavioral disorders
in rodents of different age groups, including new-
borns™!. The neurotoxic effect of ketamine is due
to the expression of c-fos early responsive genes® 2.
Furthermore ketamine reduces the total antioxidant
capacity and causes excessive formation of reactive
oxygen species (ROS) and malondialdehyde®, and ap-
optosis levels have been shown to correlate with the
level of 3-methyladenine autophagy inhibitor®.

NMDA receptors’ hyperstimulation is known to
cause excess Ca2+ influx, leading to free radical for-
mation, activation of proteolytic processes and, ulti-
mately, neuron necrosis. At the same time, moder-
ate activation of NMDA receptors leads to oxidative
stress and neuroapoptosis'’. Therefore, ketamine, as
a non-competitive antagonist of NMDA receptors,
should not cause excitotoxicity, but rather cause
a neuroprotective effect. However, it has been ex-
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perimentally demonstrated that ketamine anesthe-
sia causes pervasive developmental disorder in the
form of anxiety and cognitive disorders associated
with neuroapoptosis®. There is a strong evidence
for dose-dependent apoptotic neurodegeneration
caused by ketamine in the immature brain of mice®.
The mechanism of neuroapoptosis is associated with
the ketamine induced manifested expression of c-fos
in the posterior cingulate gyrus and in the retrospi-
nal cortex. Ketamine-induced expression is mediated
not only through NMDA receptors but also through
sigma-receptors'2. Apoptosis is a programmed cell
death with a complex pathogenesis. The regulation
of apoptosis in the nervous system is carried out by
numerous signaling systems. One way to implement
this process is through the direct activation of early
immediate response genes (c-jun, c-fos). C-fos pro-
tein acts as a regulator of transcription of a num-
ber of inducible genes and plays a significant role
in cellular growth and differentiation processes and
appears a recognized marker of neuronal cell acti-
vation'®. One of the defense mechanisms is the pro-
duction of anti-apoptotic modulators, one of which
is the bcl-2 protein, which action is associated with
the normalization of mitochondrial function. There
is a mechanism of caspasel-dependent apoptosis of
CA1 hippocampal neurons after ketamine anesthe-
sia, associated with the exit of proapoptotic proteins
from mitochondria. It is established that the active
caspase-3 and -9 proteins, which are responsible for
the release of cytochrome C and the mitochondrial
translocation of p53, which is associated with mi-
tochondrial apoptosis, are found to be significant-
ly activated after a single administration of keta-
mine. Also, the introduction of ketamine increases
the levels of pyroptosis-related proteins, including
caspase-1 and -11, the NOD-like receptor family, the
pyrin domain containing 3 (NLRP3), and IL-1B". An-
esthesia with ketamine or thiopental is also known to
increase IL-1 and TNFa levels in the hippocampus 2
hours after anesthesia'®.

According to modern ideas, the nature of the im-
mune response and the development of pathophysi-
ological changes in neurodegradation, both ischem-
ic and non-ischemic, depends on the predominant



LE Belenichev et al, apuaxevtikn, 33,11,2021 | 97-106

LE Belenichev et al, Pharmakeftiki, 33, 11, 2021 | 97-106

activation of subpopulations of T-lymphocytes,
their synthesis of various types of cytokines and
the formation of a “cytokine cascade,” namely, the
ratio of pro-inflammatory and anti-inflammatory
cytokines®. In case of brain tissue damage, activat-
ed microglia begin to produce pro-inflammatory
cytokines, primarily IL-1B, which contributes to an
increase in cerebral edema and increases the adher-
ence to endothelium??, IL-1f can increase the ex-
pression of iNOS and stimulate the NO-mechanisms
of neurodegradation. This induces neuroapoptosis,
leads to delayed neuronal losses and a decrease in
cognitive and mnestic functions of the CNS*'7%°,
Many scientific papers and researches are devoted
to the medico-social problem of cognitive impair-
ment after anesthesia and surgery known as post-
operative cognitive dysfunction (POCD). POCD is a
cognitive disorder that develops in the postoperative
period (may be delayed in time) and is associated
with impaired higher cortical function, more com-
monly manifested as impairment of memory, speech,
decreased attention spans, and more??, The most
accurate, attention-grabbing study of the occurrence
of POCD is the international randomized controlled
trial of the ISPOCD1 study, published in 1998. Accord-
ing to the results of this study, cognitive dysfunction
was diagnosed in 8% of patients 7 days after surgery
and 9.9% 99 days after surgery®, which indicates the
prevalence of this problem in the world and the rel-
evance of its study. The etiology and pathogenesis
of POCD are complex and multifactorial. Risk factors
include genetic and some somatic diseases as well as
preoperative stress, but general anesthesia has been
conclusively proven to be the major etiologic fac-
tor in the ISPOCD1 study®. In connection with these
data, it is reasonable to question the use in everyday
practice of effective and safe neuroprotective agents
to face the negative effects of general anesthesia.
These agents should act on the same systems that
are suppressed by general anesthesia and interrupt
the cascades of pathological reactions. According
to the definition of The World Health Organization,
nootropics are pharmacological agents that activate
learning, improve memory and mental activity, while
they increase the brain’s resistance to aggressive hy-

poxia, trauma and intoxication. It may be justified to
use the metabolite-tropic and endothelial protective
drug Piracetam, which has a neuroprotective effect,
as it has been proven in many studies®?. Also, the
drug Citicoline can be considered as a cerebropro-
tector, which inhibits the activation of phospholi-
pases A1, A2, C and D, reduces the formation of free
radicals, prevents the destruction of membrane sys-
tems, preserves antioxidant protective systems and
inhibits apoptosis. Recently, studies have appeared
on the cytokine mechanisms of the pathogenesis of
anesthesia-induced neurodegradation??. Cytokine
imbalance - the overproduction of IL-1B and the rel-
ative deficiency of its receptor antagonist IL-2 - has
a great importance in brain damage. This allows us
to consider IL-1 receptors as a promising target for
neuroprotection in case of anesthesia-induced brain
damage. Several studies have shown the neuropro-
tective activity of the interleukin-1 receptor antago-
nist (RAIL - IL-1 blocker) in experimental acute cere-
brovascular accident, traumatic brain injury, and di-
abetic encephalopathy'?%, Recombinant RAIL-1 is a
non-glycosylated analogue of an interleukin 1 which
differs by one amino acid sequence in the N-termi-
nal part from its native form. A new dosage form of
RAIL - a gel for intranasal administration has been
developed.

In this study, we first made attempts to interrupt
the reaction of initiation of neuroapoptosis after ket-
amine, by the use of IL-1b antagonists - the active
pharmacological agent RAIL in the form of an intra-
nasal gel. The aim of the study was to evaluate the
neuroprotective and anti-apoptotic activity of the
IL-1 antagonist RAIL-gel in comparison with refer-
ence drugs Citicoline and Piracetam during ketamine
anesthesia.

Materials and methods
Materials

Ketamine and Piracetam were purchased by PJSC FAR-
MAK, Ukraine and Citicoline byTakeda, Japan. The
substance RAIL was obtained from the Federal State
Unitary Enterprise “State Scientific Research Insti-
tute of Highly Pure Biological Preparations” (Russia,

99



®APMAKEYTIKH, 33,11,2021 | 97-106

EPEYNHTIKH EPTAXIA

PHARMAKEFTIK]I, 33,11, 2021 | 97-106

S-Petersburg, LSR-007452 / 1-0300710). Recombinant
substances and RAIL in particular were obtained bio-
technologically from microorganisms, protozoa and
cereal. The test sample (RAIL) was obtained biotech-
nologically from E. coli TG1 (pTAC-hlL-1ra) and con-
sists of 153 amino acids. Its molecular weight is 17,
906 kDa. RAIL-gel (5 mg / 1 ml) was developed at the
Department of Technology of Drug of ZSMU. We also
used paraplast (MkCormick, USA), bovine serum al-
bumin solution (Sigma, USA, Cat. No. A2153), prima-
ry antibodies to the protein c-fos (Sigma Chemical,
USA), secondary antibodies (fluorescent conjugated
goat IgG - Sigma Chemical, USA), primary antibodies
to bcl2 (Santa Cruz Biotechnology), solution of sec-
ondary antibodies (1: 1000) (biotinylated anti-mouse
IgG, Sigma, USA, cat. No. 051M4885), ExtrAvidin-per-
oxidase solution (Sigma, USA, Cat. No. 051M4885),
solution of AEC (1 tablet of 3-amino-9-ethylcarbazole
(Sigma, USA, cat. No. a6926), solution of NaCl 0.9%
(Ukraine), 30% H202 (Ukraine).

Animal experiments

The study used 50 white nonlinear rats at the age of
6 months from the nursery of the GA «Institute of
Pharmacology and Toxicology of the National Acad-
emy of Medical Sciences of Ukraine». Weight of rats
was 180-200 g. The acclimatization period was 14
days for all animals. The experimental studies were
carried out in accordance with the “Regulations on
the Use of Animals in Biomedical Research” and with
the European Convention on the Protection of Ani-
mals Used for Scientific and Other Purposes. The ex-
periment was approved by the Bioethics Committee
of Zaporizhzhia State Medical University. Animals
were kept under standard vivarium conditions with
a change in the light cycle with an ambient temper-
ature of 220 C. The manipulations were performed
under ethanol-sodium anesthesia. Anesthesia was
caused by intraperitoneal injection (IP injection) of
ketamine at a dose of 100 mg/kg. Immediately after
rats’ emergence from anesthesia they were adminis-
tered drugs at the following doses: Piracetam - 500
mg/kg, intraperitoneally, Citicoline - 500 mg/kg, in-
traperitoneally, RAIL-gel - 1 mg/kg intranasally us-
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ing the dispenser pipette. The animals were divided
into 5 groups (10 rats in each group): the first group
- intact (control), the second - animals with experi-
mental ketamine anesthesia. The third group - rats
with ketamine anesthesia, which were administered
Piracetam (PJSC FARMAK, Ukraine, 200 mg/ml) The
fourth group received Citicoline (Takeda, Japan, 1000
mg / 4ml) after anesthesia. The fifth group received
RAIL-gel after ketamine anesthesia. The intact group
was injected intraperitoneally one time with a solu-
tion of NaCl 0.9% at the rate of 1 ml/0.1 kg, and the
control group was administered the same dose of sa-
line solution after ketamine anesthesia. The slaugh-
ter of rats was performed after 3 hours.

Instrumentation

Instruments used were the following: Buen clamp, ro-
tary microtome Microm-325 (Microm Corp., Germa-
ny), refrigerated centrifuge Sigma 3-30k (Germany),
fluorescence microscope Axioscop (Ziess, Germany),
a high-sensitivity COHU4922 video camera (COCHU
Inc., USA), HistoStar paraffin filling station (Ther-
mo Fisher Scientific, USA), an automated PT-mod-
ule (Thermo Scientific, USA), Red Line thermostats
(Binder, Nimechchina), pH meter MP-220 (Mettler
Toledo, Switzerland), installation for immunoblot-
ting Mini Trans-Blot, Bio-Rad Laboratories (USA),
thermostat TDB-120, torsion scales, set of batchers
Bio HIT (Finland), Axiovision digital image analysis
system (Carl Zeiss, Germany) with analysis programs
and software development environment AZxioVision
and Zen (Carl Zeiss, Germany).

Western blotting

The blood was quickly removed from the brain, sep-
arated from the meninges, and the test pieces were
placed in liquid nitrogen. Then it was ground in lig-
uid nitrogen to a powdery state and homogenized
in a 10-fold volume of a medium at (2° C) containing
(in mmol): sucrose - 250, Tris-HCI buffer - 20, EDTA
-1 (pH 7.4). The mitochondrial fraction was isolated
by differential centrifugation at a temperature +4° C.
To purify the mitochondrial fraction from large cell
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fragments, centrifugation was preliminarily carried
out for 7 minutes at 1000g, and then the superna-
tant was re-centrifuged for 20 minutes at 17000g.
The supernatant was decanted and stored at -80° C.
The concentration in the cytoplasmic fraction of the
brain bcl-2 was determined by Western blot analysis.
Proteins were separated on a 10% polyacrylamide gel
(PAGE). Separation of protein fractions was carried
out by electrophoresis at a voltage of 100 V (for gel
compaction), when the samples reached the inter-
face between the gels - at a voltage of 200 V, until the
samples reached the end of the gel. Proteins from the
gel were transferred to a nitrocellulose membrane at
a voltage of 100 V and a current of 0.35 A for 1 h. Af-
ter transfer, the membrane was placed in a blocking
buffer containing 1% bovine serum albumin solution
for 20 hours. Washed on a shaker for 5 min in a solu-
tion of 0.1 M phosphate buffer (pH 7.4), the mem-
brane was placed in a solution of primary antibodies
against bcl-2 and incubated for 2 h at room temper-
ature. Washed on a shaker 4 times for 5 minutes in
0.1 M phosphate buffer (pH 7.4). The membrane was
placed in a solution of secondary antibodies (1: 1000),
incubated for 2 hours. Washed on a shaker 4 times
for 5 minutes in a solution of 0.1 M phosphate buffer.
The membrane was placed in a solution of ExtrAvi-
din-peroxidase in 1% bovine serum albumin solution
(1: 1000). Incubated for 1 hour and washed. For visu-
alization, the membrane was treated with AEK solu-
tion: 1 tablet of 3-amino-9-ethylcarbazole dissolved
in 2.5 ml of DMF containing 47.5 ml of 0.05M acetate
buffer, pH 5.0, 25 ul 30% H202. The membrane was
incubated in the substrate mixture for 5-10 min. A red
insoluble precipitate characterizes the antigen-anti-
body complex in the blot. The membrane was washed
in distilled water several times. The strips were dried
between sheets of filter paper under a flow of cold
air. Detection of bcl-2 was carried out using densi-
tometry in the Adobe Photoshop program.

Immunohistochemical studies
To detect the expression of c-fos in the CA1 zone of

the hippocampus, an immunohistochemical method
of indirect immunofluorescence was used. For histo-

chemical studies, the brain was fixed in Carnoy’s fluid
for 24 hours and then embedded in paraplast accord-
ing to the standard scheme. On a rotary microtome
Microm-325 (Microm Corp., Germany), 15-micron
sections of the CA1 hippocampus were made, which
were dewaxed according to a standard technique.
Histological sections of the brain were isolated from
the paraplast and rehydrated, washed three times
for 5 minutes with phosphate buffer (pH = 7.4) and
incubated with 2n hydrochloric acid (T = 37° C) for
30 minutes. Then, each was washed twice for 5 min-
utes with phosphate buffer (pH = 7.4), twice for 5
minutes with borate buffer according to Holmes (pH
= 8.4) and four times for 5 minutes with phosphate
buffer (pH = 7.4), after-which-incubated followed by
incubation for 30 minutes with 0.1% trypsin solution
in phosphate buffer (T = 37° C). After incubation, the
sections were washed four times for 5 minutes with
phosphate buffer (pH = 7.4). First, primary antibod-
ies to the c-fos protein were applied to the sections
and incubated at +40° C for 24 hours. After incuba-
tion, the sections were washed three times with 0.1
M phosphate buffer. Then, secondary antibodies
(fluorescent conjugated goat 1gG) were applied to
the samples and incubated at room temperature for
60 min. After incubation, the sections were washed
with 0.1 M phosphate buffer (pH = 7.4). After the fi-
nal four-fold washing with phosphate buffer, the sec-
tions were embedded in a mixture of glycerol-phos-
phate buffer (9:1). Fos-immunopositive neurons were
examined using a fluorescence microscope. The im-
age of fos-immunopositive neurons of the CAl-zone
of the hippocampus, obtained on a microscope, using
a highly sensitive video camera was introduced into
the computer hardware and software system for dig-
ital image analysis VIDAS.

Statistical analysis

Statistical analysis was performed using the stand-
ard statistical package “STATISTICA® for Windows
6.0” (StatSoftInc., No. AXXR712D833214FAN5), “SPSS
16.0” and “Microsoft Office Excel 2003”. The normal-
ity of distribution was evaluated by the Shapiro-Wilk
criterion. When the results were consistent with the
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Table 1: Density of c-fos-positive cells in the brain of rats with ketamine anesthesia under

the influence of Piracetam, Citicoline and RAIL-g

el(M+m,n=10)

Groups of animals Density of c-fos-positive cells
Intact animals (n=10) 129+2.0

Control - animals with ketamine anesthesia(n=10) 127.4 £ 5.0*

Animals with ketamine anesthesia +Piracetam(n=10) 116.4 + 5.0*

Animals with ketamine anesthesia +Citicoline(n=10) 109.6 + 7.6* !

Animals with ketamine anesthesia +RAIL-gel(n=10) 91.1 £ 4.6* 12

*- Differences are significant at p < 0.05 compared to intact group; 1-

Differences are significant at p < 0.05 compared to control group;

2- Differences are significant at p < 0.05 compared to group treated with Piracetam; n - number of animals in the group.

Table 2: Concentration of bcl-2 protein in the brain of rats with ketamine anesthesia

under the influence of Piracetam, Citicoline and RAIL-gel (M + m, n = 10)

Groups of animals Concentration of bcl-2 protein
Intact animals(n=10) 452+23

Control - animals with ketamine anesthesia(n=10) 23.2 £ 2.3*

Animals with ketamine anesthesia + Piracetam(n=10) 244 +1.6*

Animals with ketamine anesthesia + Citicoline(n=10) 32.6 + 4.8% 12

Animals with ketamine anesthesia + RAIL-gel(n=10) 38.2 £ 3.9% 12

*_ Differences are significant at p < 0.05 compared to intact group; 1-

Differences are significant at p < 0.05 compared to control group;

2- Differences are significant at p < 0.05 compared to group treated with Piracetam; n - number of animals in the group.

law of normal distribution of the trait, the reliabili-
ty was estimated by the Student’s t-test. In the case
of a distribution other than the normal one, the U
Mann-Whitney criterion was used. For comparison
of independent variables in more than two samples,
ANOVA for normal distribution or Kruskal-Wallis cri-
terion for non-normal distribution was used. P-val-
ues less than 0.05 (*p < 0.05) were considered statisti-
cally significant for all types of analysis.

Results and Discussion

As a result of the study, it was found that ketamine
anesthesia is accompanied by the onset of signs of
apoptosis of CA1 hippocampus neurons. These find-
ings confirm the apoptotic effect of ketamine anes-
thesia by the increased expression of c-fos proteins
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(Table 1). The c-fos expression in the CA1 zone of the
brain hippocampus increased by almost 10 times (p
<0.01) in the control group of rats, treated with keta-
mine anesthesia compared with the intact group, in-
dicating the activation of neuroapoptosis. In addition
Ketamine significantly reduces the body’s anti-ap-
optotic protection by inhibiting the bcl-2 protein
in the brain (Table 2) and in combination with the
above mentioned, increase in the expression of the
c-fos rapid response protein in the CA1 area of the
hippocampus, leads to programmed neuronal death.
The use of neuroprotective drugs is considered to
prevent the occurrence of cascades of such patho-
logical reactions, reducing the expression of early
response genes and activating anti-apoptotic protec-
tive mechanisms. Indeed, there was a decrease in the
number of c-fos-positive neurons in rats treated with
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piracetam as a neuroprotective agent after ketamine
anesthesia by 8.6% (p <0.05), compared to the con-
trol group. There was a 14% (p <0.05) decrease in the
amount of c-fos compared to controls in the group
of animals with ketamine anesthesia treated with
Citicoline, and a 25.5% (p <0.05) decrease in animals
treated with RAIL-gel compared to the control group.
Thus, the best stabilizing effect on the c-fos protein
level in the CA1 zone of the rat brain hippocampus
was demonstrated by RAIL-gel, which exceeded the
anti-apoptotic effect of Citicoline by 11.5% and Pi-
racetam by 16.9%. The effect of these neuroprotec-
tive agents on the level of anti-apoptotic protein
bcl-2 is shown in Table 2. After ketamine anesthesia
a decrease in bcl-2 level was observed in the control
group by 48.7% (p <0.01), compared with the intact
group. In rats treated with neuroprotective agents
after ketamine anesthesia, the following results were
observed:

The amount of bcl-2 protein decreased by 46% in
the rat brain upon the use of Piracetam compared to
the intact group, while it was 5% higher compared to
the control group.

The decrease in amount of bcl-2 protein was 27.9%
in the group of rats treated with Citicoline compared
to the intact group, while its concentration was 28.8
higher compared to the control group.

- animals receiving RAIL-gel after ketamine showed
a 15,4% decrease in the amount of bcl-2 in the ho-
mogenate compared to intact, and a 39.2% increase
in its concentration compared to the control group.

The RAIL-gel showed the best results, both in re-
ducing the density of c-fos-positive neurons and in
the storage of anti-apoptotic protein bcl-2 under
conditions of ketamine anesthesia compared to the
nootropics piracetam and citicoline. These findings
provide experimental justification for further in-
depth study of RAIL as a potential neuroprotective
agent in order to prevent the negative consequences
of general ketamine anesthesia.

As shown in the study the anti-apoptotic and neu-
roprotective effect of RAIL-gel in ketamine-induced
neurodegradation is associated with its ability to
interrupt IL-1B-dependent mechanisms of neuroapop-
tosis. Namely, the RAIL-gel inhibits IL-1-dependent

expression of iNOS in glial cells and reduces NO over-
production, inhibits the exit of mitochondria proap-
optotic proteins. RAIL-gel can inhibit the expression
of redox-sensitive apoptosis genes of early response,
mainly JunD and c-fos, due to a decrease of NO lev-
els[21,28]. Citicoline can have an anti-apoptotic and
neuroprotective effect in case of anesthesia-induced
brain damage due to the presence of a pronounced
mitoprotective effect, which may underlie its an-
ti-apoptotic activity. Apparently, Citicoline modu-
lates the activity of cyclosporin A-dependent mito-
chondrial pore during ischemia and terminates the
release of proapoptotic factors through it.

It has been shown that Citicoline can maintain
the integrity of the inner mitochondrial mem-
brane. A similar mechanism is associated with the
restoration of cardiolipin levels in the inner mito-
chondrial membrane. In addition, it was found that
citicoline indirectly, by increasing the activity of
glutathione-linked enzymes (glutathione reductase
and glutathione transferase), regulates the level of
reduced glutathione and, thus, can reduce the level
of cytoxic derivatives of NO'2°231 Citicoline’s abili-
ty to inhibit apoptosis by reducing the expression of
procaspase is also known®!. Piracetam did not show
significant anti-apoptotic and neuroprotective ef-
fects in ketamine-induced neurodegradation. The
mechanism of action of this nootropic is associated
with the activation of anaerobic pathways of ATP
synthesis in the brain, an increase in the level of ace-
tylcholine and the concentration of n-cholinergic
receptors. The membrane stabilizing and stress-pro-
tective properties of Piracetam are known. It is prov-
en that Piracetam is ineffective in extreme condi-
tions of the central nervous system, it can enhance
lactic acidosis during cerebral ischemia. We found
that Piracetam enhances anxiety and does not affect

cognitive-mnestic disorders after ketamine anesthe-
Sia9,20,26-29,38'

Conclusions:

The neurodegradative effect of ketamine anesthesia
(100 mg / kg) was demonstrated in the reproduced
experiment by activating apoptosis processes (in-
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creased density of c-fos positive cells in the CA1 area
of the hippocampus) and inhibiting the organism
protective capacity (decreased amount of bcl-2 pro-
tein in the brain).

The use of the neuroprotective agents such as
Piracetam, Citicoline, and RAIL-gel in rats treated
with general anesthesia was found to lead to a de-
crease of the neurodegradative effect of ketamine,
as reflected in a decrease in the concentration of
c-fos protein and an increase in the expression of
bcl-2 protein.

The best neuroprotective effect was demonstrated
by the RAIL-gel. It had the most significant effect on
the expression of c-fos and bcl-2 proteins, reducing
the first one and activating the second one, com-
pared to other drugs. The second most effective drug
is Citicoline, followed by Piracetam. O
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ABSTRACT

Introduction Valsartan is widely used in the treatment of hypertension
and shows different Biopharmaceutics Classification System (BCS) in the
literature (BCS class II or III). LC-MS/MS method development is very
important role in procedure for determining permeability in Caco-2 cell
monolayers and plays a key role in the reliability of the results. The aim of
the study was to develop an efficient LC-MS/MS method for determination
of valsartan from Caco-2 cell monolayers. Research methods. Chroma-
tography was achieved on Phenomenex Luna, 50 x 2.0 mm, 5 pm column.
Samples were chromatographed in a gradient mode. Eluent A: acetonitrile
- water, 5 : 95, v/v, eluent B: acetonitrile. Formic acid 0.1 v/v was add-
ed in both eluent A and eluent B. The initial content of eluent B is 15%,
which linearly increases to 100% in 0.9 min and up to 1.2 min is 100%
from 1.21 min returns to the original 15%. The mobile phase was deliv-
ered at a flow rate of 0.400 mL/min into the mass spectrometer Electron
Spray lonization (ESI) chamber. The sample volume was 3 pl. Results and
discussion. Under the conditions used, the peak of valsartan is eluted
for about 1.23 min. The total chromatographic run time is 1.5 min, so the
developed analytical method for the determination of valsartan to study
intestinal permeability in the model of the Caso-2 test is rapid. Valsartan
showed low permeability and efflux by p-glycoprotein (P-gp). A decrease
in the efflux coefficient in the presence of verapamil indicates that valsar-
tan is a substrate of the P-gp transporter. Recovery value of valsartan is 94
% and this indicates that the results of the experiment are reliable. Conclu-
sions. A rapid, simple and low cost LC-MS/MS method was developed for
determination of valsartan from Caco-2 cell monolayers. Statistical analysis
proves that the method is reproducible and selective for the estimation of
valsartan.
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1. Introduction

The procedure «biowaver» based on Biopharma-
ceutics Classification System (BCS) is designed to
confirm the bioequivalence between generic and
reference drugs. BCS is an important tool which
uses in vitro results for comparison with bioavail-
ability in vivo (biowaiver)!. These tests are used to
establish bioequivalence in applications for generic
drugs, for changes that require re-registration of in-
novative drugs, for changes that may be during the
validity of the registration certificate, requiring bio-
equivalence studies, as well as between drugs used
in clinical trials, and drugs that will be produced on
an industrial scale and are on the pharmaceutical
market. The two parameters that are analyzed for
API for the possibility of the procedure «biowaver»
are solubility and permeability . Methods that make
it possible to assess the degree of permeability of
API include: in situ studies (in the small intestine
of rats), in vitro models (on monolayers of different
cell lines), in silico models (using calculated par-
tition coefficient log P or distribution coefficients
logD )% The results obtained by in situ studies are
highly reliable, but these studies are quite expen-
sive and therefore can not be used for routine or
screening purposes. Among the in vitro models (on
monolayers of different cell lines), the most widely
used is the culture of adenocarcinoma of the large
intestine - Caco-2%!% The generalized procedure
for determining the permeability of Caco-2 cell
monolayers is presented in Fig. 1.

Assays of compounds have been replaced in
most laboratories by the use of liquid chromatog-
raphy-mass spectrometry (LC-MS) and LC-tandem
mass spectrometry (LC-MS/MS). It suppose reduc-
es the amount of compounds but permits the si-
multaneous measurement of multiple compounds.
The measurement of multiple compounds per as-
say reduces the number of incubations that need
to be carried out, thus increasing the throughput
of the experiments. Furthermore, LC-MS and LC-
MS-MS add another dimension to Caco-2 assays
by enabling the investigation of the metabolism
of compounds by Caco-2 cells. LC-MS/MS method
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development is very important role in procedure
for determining permeability in Caco-2 cell mon-
olayers and plays a key role in the reliability of the
results.

Pgp is a transmembrane protein that belongs to
the superfamily of ABC transporters and acts as an
energy-dependent efflux pump to transport sub-
stances across membranes!? 13,

Valsartan is widely used in the treatment of hy-
pertension and shows different BCS classification
in the literature (BCS class II or III)!*. Therefore
permeability studies for this drug are still neces-
sary.

The aim of this study was to develop an efficient
rapid and low cost LC-MS/MS method for determi-
nation of valsartan from Caco-2 cell monolayers.
The effect of verapamil, which is a well known in-
hibitor of p-glycoprotein (P-gp) was investigated.

2. Methods
Chemicals and reagents

Valsartan (purity 99.9%) was purchased from Sig-
ma-Aldrich (Switzerland).

The following materials were used in the exper-
iments: Trypsin. EDTA (10x) 0.5% / 0.2% in DPBS
(PAA, UK; Cat L11-003), HEPES, High Purity Grade
(Helicon, Am-0485), Dulbecco’s PBS (1x) without Ca
& Mg (PAA, UK; Cat H15-002), Hanks’ BSS (1x) with-
out Ca & Mg without Phenol Red (PAA, UK; Cat H15-
009), DMSO Chromasolv Plus, HPLC grade, 299.7%
(Sigma-Aldrich, USA; Cat 34869), DMEM (4.5g/1)
liquid without L-Glutamine (PAA, UK; Cat E15-009),
L-Glutamine (200 mM) (PAA, UK; Cat M11-004), Fe-
tal Bovine Serum «GOLD» EU approved (PAA, UK;
Cat A15-151), Penicillin/Streptomycin (100x) (PAA,
UK; Cat P11-010), Acetonitrile Chromasolv gradi-
ent grade for HLC (>99.9 %) (Sigma-Aldrich, USA;
Cat 34851), Formic acid for mass sectrometry 98 %
(Fluka, USA; Cat 94318),

Propranolol hydrochloride 299% (TLC) (Sig-
ma-Aldrich, USA), quinidine anhydrous 299% (TLC)
(Sigma-Aldrich, USA), verapamil hydrochloride
299% (TLC) (Sigma-Aldrich, USA) and atenolol, ana-
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Figure 1: Procedure for determining permeability in Caco-2 cell monolayers

Table 1: Chromatographic conditions

Equipment Shimadzu HT (Shimadzu, Japan) LC system equipped with degasser (DGU-14A),
uip binary pump (LC-20ADXR) along with auto-sampler (SIL-20ACXR)

Column Phenomenex Luna, 50 x 2.0 mm, 5 um
Gradient mode (eluent A (acetonitrile - water - formic acid, 5:95: 0.1 v/v),

Mobile phase eluent B (acetonitrile-formic acid, 100 : 0.1 v/v)). The initial content of eluent B

p is 15%, which linearly increases to 100% in 0.9 min and up to 1.2 min is 100%

from 1.21 min returns to the original 15%.

Flow rate 0.4 mL/min

Runtime 1,5 min

Column temperature 30°C

Volume of injection loop 3l

lytical reference material, 298.5% (HPLC) were used
as reference compounds.

Instrumentation and chromatographic conditions

All measurements were performed using Shimadzu

VP HPLC system including vacuum degasser, gradi-
ent pumps, column oven and autosampler. The LC
system was coupled with tandem mass spectrom-
eter API 3000 (PE Sciex). The TurbolonSpray ion
source was used in both positive and negative ion
modes. Parameters of electrospray ionizer and MRM
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Table 2: Parameters of electrospray

ionization

Parameter Value

1 Polarity Positive

2 | Nebulizer Gas (NEB, Gas 1) 15

3 Curtain Gas (CUR) 8

4 | Collision Gas (HCD) 5

5 | IonSpray Voltage (IS) 5000
6 | Temperature (TEM) 500
7 Turbo IonSpray Gas 8

8 | Horizontal Position 5.0

9 | Lateral Position 5.0

parametrs are listed in Table 1. Acquisition and anal-
ysis of the data were performed using Analyst 1.5.2
software (PE Sciex).

Stationary phase was a reversed -phase column
Phenomenex Luna, 50 x 2.0 mm, 5 pm. Samples
were chromatographed in a gradient mode using the
following conditions.

Eluent A: acetonitrile - water, 5 : 95, v/v, eluent B:
acetonitrile. Formic acid 0.1 v/v was added in both
eluent A and eluent B. The initial content of eluent B
is 15%, which linearly increases to 100% in 0.9 min
and up to 1.2 min is 100% from 1.21 min returns to
the original 15%. The mobile phase was delivered
at a flow rate of 0.400 mL/min into the mass spec-
trometer Electron Spray lonization (ESI) chamber.
The sample volume was 3 pl.

The chromatographic conditions are summarized
in Table 1, ESI parameter in Table 2, multiple reac-
tion monitoring (MRM) parameters of valsartan in
Table 3.

n=3

Cultivation of Caco-2 cells

Caco-2 cells were cultivated in 75 cm? flasks to
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70-80% of confluence according to the ATCC and
Millipore recommendations in humidified atmos-
phere at 37°C and 5% CO,". Cells were detached
with Trypsin/EDTA solution and resuspended in
the cell culture medium to a final concentration of
2x105 cells/ml. 500 pl of the cell suspension was
added to each well of HTS 24-Multiwell Insert Sys-
tem and 35 ml of prewarmed complete medium
was added to the feeder tray. Caco-2 cells were
incubated in Multiwell Insert System for 21 days
before the transport experiments. The medium
in filter plate and feeder tray was changed every
other day. After 21 days of cell growth, the integ-
rity of the monolayer was verified by measuring
the transepithelial electrical resistance (TEER) for
every well using the Millicell-ERS system ohm me-
ter. The final TEER values were within the range
150-600 Qxcm?2 as required for the assay condi-
tions. 24-well insert plate was removed from its
feeder plate and placed in a new sterile 24-well
transport analysis plate. The medium was aspirat-
ed and inserts washed with PBS twice.

Procedure

To determine the rate of compounds transport in
apical (A) to basolateral (B) direction, 300 pL of
the test compound dissolved in transport buffer
at 10 uM (HBSS, 10 mM HEPES, pH=7.4) was add-
ed into the filter wells; 1000uL of buffer (HBSS,
10 mM HEPES, pH=7.4) was added to transport
analysis plate wells. The plates were incubated for
90 min at 37°C with shaking at 100 RPM. 75 pL
aliquots were taken from the donor and receiver
compartments for LC-MS/MS analysis. All sam-
ples were mixed with 2 volumes of acetonitrile
with following protein sedimentation by centri-
fuging at 10000 rpm for 10 minutes. Supernatants
were analyzed using the LC system coupled with
tandem mass spectrometer. Propranolol (high
permeability), atenolol (low permeability) and
quinidine (moderate permeability) were used as
reference compounds.

Permeability coefficient (Papp) was calculated for
Caco-2 permeability assay using equation 1:
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ddde

Figure 2: Typical multiple reaction monitoring chro-
matograms of valsartan

Figure 3: Typical multiple reaction monitoring chro-
matograms of propranolol

ddldldl g

Figure 4: Typical multiple reaction monitoring chro-  Figure 5: Typical multiple reaction monitoring chro-
matograms of atenolol matograms of quinidine
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Table 3: Multiple reaction monitoring (MRM) parameters of valsartan

Analyte

Parent, m/z

Daughter, m/z

Time, ms

DP,V

EP,V

CE,V

CXP, V

Valsartan

436.1

235.2

120

36

10

27

10

* Abbreviations: DP, declustering potential; EP, entrance potential; CE, collision energy; CXP, collision cell exit potential

Table 4: Permeability coefficient (Papp) of valsartan through the monolayer of Caco-2 cells

in the apical-basolateral and basolateral-apical directions

Papp (AB), 10° cm/sec Papp (BA), 10° cm/sec
Analvte Efflux
yt 1 2 M m 1 2 M m coefficient
Propranolol 17.3 21.4 19.3 2.9 11.6 10.9 11.2 0.5 0.6
Atenolol 0.2 0.5 0.3 0.2 1.2 1.2 1.2 0.0 3.5
Quinidine 5.0 9.5 7.3 3.2 36.8 35.7 36.3 0.8 5.0
Valsartan 0.3 0.3 0.3 0.0 0.9 0.8 0.8 0.1 2.9

M is the arithmetic mean value of the permeability coefficient; m is the standard deviation.

Table 5: Permeability coefficient (Papp) of valsartan through the monolayer of Caco-2 cells

in the presence of the P-gp inhibitor verapamil

Papp (AB), 10¢ cm/sec Papp (BA), 10¢ cm/sec
Analyte Efflux
vt 1 2 M m 1 2 M m coefficient
Quinidine 25.1 23.6 24.4 1.1 27.6 26.2 26.9 1.0 11
Valsartan 0.7 0.6 0.6 0.1 0.6 0.6 0.6 0.0 0.9

M is the arithmetic mean value of the permeability coefficient; m is the standard deviation.

P = Va [druglacc
PP Areaxtime

* 1000000
[druglinitiat donor (1)

V, - volume of transport buffer in acceptor well,

Area - surface area of the insert (equals to effec-
tive growth area of the insert - 0.31 cm2),

Time - time of the assay,

[drug] - concentration of test compound in ac-
ceptor well,

[drug],,,,, — initial concentration of test com-
pound in a donor well.

P is expressed in 10-6cm/sec.

n=3
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Efflux coefficient, indicating the active excretion
of the substance, was calculated using using the
following equation:

Efflux coefficient = L . (B-A)/ P, (A-B)

The % recovery can be useful in interpreting the
Caco-2 data. If the recovery is very low, this may
indicate problems with poor solubility, binding of
the compound to the test plate materials, metab-
olism by the Caco-2 cells or accumulation of the
compound in the cell monolayer. The % recovery
was calculated using equation 2:
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CaccXVacctCaxVyq

X 100.
(2)
V_ . - volume of compound solution in acceptor
well (cm2),
V, - volume of compound solution in donor well
(cm?2),
C,.. - concentration of test compound in acceptor

well (uM),

% recovery =
% y Cinitiald*xVa

C. ...~ initial concentration of test compound in
a donor well (uM).
n=3

3. Results and discussion

Due to the reliability of the correlation of the results,
the Caco-2 test is recommended as «gold standard»
for modeling intestinal absorption, determining bi-
oavailability and bioequivalence. In our study, op-
timization and critical evaluation of mobile phase
composition, flow rate, and analytical column were
important to obtain good resolution of peaks, which
in turn affect reproducibility of the method!®-?2, The
resolution of peaks was achieved with Phenomenex
Luna, 50 x 2.0 mm, 5 um column. Phenomenex Luna
has found a place as one of the World'’s top reversed
phase columns because it provides a measurable
improvement over many HPLC columns for two im-
portant chromatographic properties: resolution and
peak shape®.

Typical multiple reaction monitoring chromato-
grams of valsartan shown in Fig. 2. Under these con-
ditions, the peak of valsartan is eluted for about 1.23
min (Fig. 2). Typical multiple reaction monitoring
chromatograms of reference compounds propranolol,
atrnolol and quinidine are shown in Fig. 3-5. The total
chromatographic run time is 1.5 min, so the developed
analytical method for the determination of valsartan to
study intestinal permeability in the model of the Caso-
2 testis rapid.

A-B and B-A permeability data and efflux coefficient
for the test compound of valsartan and the three ref-
erence compounds are listed in the Table 4. Perme-
ability coefficient (Papp) of valsartan through the
monolayer of Caco-2 cells in the presence of the P-gp

K. Peleshok et al,, Pharmakeftiki, 33, 11,2021 | 107-115

inhibitor verapamil are presented in the Table 5.

A-B and B-A permeability data for all the reference
compounds correspond to the literature data**?’, thus
validating this study. According to the results present-
ed in Table 3 and 4, valsartan showed low permeability
and efflux by p-glycoprotein (P-gp). Indeed a decrease
in the efflux coefficient in the presence of verapamil,
which is a well known P-gp inhibitor, indicates that
valsartan is a substrate of the P-gp transporter.

Recovery data of transport of valsartan and con-
trol substances through a monolayer of cells of the
Caco-2 are listed in Table 5.

It should be noted that the recovery value (Table
5) of valsartan is 94 % and this indicates that the re-
sults of the experiment are reliable.

4., Conclusion

In conclusion, a rapid, simple LC-MS/MS meth-
od was developed for determination of valsartan
from Caco-2 cell monolayers. Obtained result
proves that the method is reproducible and se-
lective for the estimation of valsartan. Valsartan
showed low permeability and efflux by p-glyco-
protein (P-gp). This is justified by the decrease in
the efflux coefficient in the presence of verapamil
indicating that valsartan is a substrate of the P-gp
transporter. Acquired results demonstrate that
proposed strategy can be effortlessly and advanta-
geously applied for examination of valsartan from
Caco-2 cell monolayers. O

Table 6: Recovery data of transport of

valsartan and control substances through
a monolayer of cells of the Caco-2

% recovery

Analyte

1 2 M
Propranolol 71 80 76
Atenolol 91 86 89
Quinidine 106 102 104
Valsartan 94 95 94
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ABSTRACT

Due to the wide range of biologically active substances, herbal mixtures
can influence the development of diabetes mellitus and its complications.
Amino acids attract lately particular attention, due to their ability to stim-
ulate insulin secretion, reduce hyperglycemia and regulate metabolic pro-
cesses in patients with diabetes. The aim of this study was to investigate
the content of amino acids in the following herbal mixture samples: 1)
Urtica dioica leaf, Cichorium intybus roots, Rosa majalis fruits, Elymus
repens rhizome, Taraxacum officinale roots, 2) Arctium lappa roots, Elymus
repens rhizome, Zea mays columns with stigmas, Helichrysum arenarium
flowers, Rosa majalis fruits, which have shown antidiabetic activity in stud-
ies in vivo. A number of amino acids were separated by validated method of
gas chromatography-mass spectrometry with pre-column derivatisation.
Quantitative analyses of amino acids showed that the predominant com-
ponents were L-proline in sample 1 and L-leucine and L-proline in sample

2 of the examined herbal mixtures.

1. Introduction

Diabetes mellitus is one of WHOs priorities matters,
which requires immediate solutions, as the epidemio-
logical situation is alarming - the number of patients
is growing rapidly each year; leading to increased dis-
ability and mortality due to the development of mac-
ro- and microangiopathies % According to the official
data of the International Diabetes Federation (2019),
the incidence of diabetes in the world is expected to in-
crease by 1.5 times in 2030, amounting to more than
500 thousand patients* Therefore, the optimization
of existing antidiabetic pharmacotherapy, search and

116

study of new drugs for the prevention and treatment
of this disease and its complications are currently very
important issues in modern pharmacy and medicine.
One of the above areas uses phytomedicines in the
form of monotherapy in the mild stages of the disease
and for its prevention, and in combination with tradi-
tional therapy for more severe forms of the disease **.
Phytotherapy is a promising and reasonable approach,
as it offers a number of advantages e.g. relatively low
toxicity, mild pharmacological effect, the ability to be
used for along time without significant side effects, and
the ability to be combined well with synthetic drugs”*
The combinations of different medicinal plants deserve
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particular attention. Herbal mixtures are expected to
contain several biologically active substances with a
wide range of pharmacological actions and a variety
of mechanisms for influencing the development of
diabetes and diabetic angiopathies 1'% Therefore, in
order to establish correlations between the phyto-
chemical composition of the studied herbal mixtures
and its antidiabetic activity, which was studied in pre-
vious studies'>?, it is advisable to conduct phytochem-
ical analysis, in particular, amino acids as important bi-
ologically active substances in the therapy of diabetes.

Amino acids, in addition to their main function as
precursors of protein synthesis, play a key role in many
metabolic processes, because they have a powerful
secretolytic activity - stimulate the secretion of insu-
lin, glucagon, cortisol and insulin-like growth factor-1
(IGF-1)*.. Except this, literature sources indicate the
regulatory role of amino acids in the transcription and
translation of genes, as well as their important function
in intracellular signaling?"?2 The effectiveness of ami-
no acids in the treatment and prevention of diabetes
is primarily due to their ability to stimulate insulin se-
cretion in pancreatic -cells, as well as increase blood
glucose utilization and reduce alimentary hyperglyce-
mia. The greatest insulinotropic effect is inherent in ar-
ginine, leucine, isoleucine, alanine and phenylalanine®*
2, In addition, amino acids have the ability to reduce
muscle proteolysis and/or stimulate protein synthesis,
which leads to improved protein balance in skeletal
muscle and, as a result, increases the process of glu-
cose utilization. This is an important component of an-
tidiabetic therapy, because such patients often have a
deficiency of skeletal muscle mass, which, in turn, con-
tributes to the development of insulin resistance and
progression of this disease®®. Therefore, the aim of this
study was to investigate the content of amino acids in
some herbal mixtures, with observed antidiabetic ac-
tivity in vivo 12,

2. Material and Methods
2.1. Plant materials

The herbal raw materials were harvested from June
to August 2019 in the Ternopil region (Ukraine). The
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raw materials were then dried, crushed and stored
according to the general GACP requirements?*. The
plants were identified in the Department of Pharma-
cognosy with Medical Botany, I. Ya. Horbachevsky
Ternopil National Medical University, Ternopil,
Ukraine. The voucher specimens of herbal raw ma-
terials have been deposited in the departmental
herbarium for future records. Two different herbal
mixtures with reliable antidiabetic activity estab-
lished during pharmacological studies in vivo!®2°
were used. The composition of the herbal mixtures
is given in Table 1.

2.2. Chemicals and standards

All applied reagents were of analytical grade (= 99 %
purity). Standard reagents including glycine, L-alanine,
L-valine, L-leucine, L-serine, L-threonine, L-isoleucine,
L-proline, L-asparagine, L-aspartic acid, L-glutamic
acid, L-phenylalanine, L-glutamine, L-lysine, L-histi-
dine, L-tyrosine, L-tryptophan were purchased from
Sigma-Aldrich Chemical Co. (USA), as well as hydro-
chloric acid, sodium hydroxide, methanol, pyridine,
methyl chloroformate, chloroform, sodium bicarbon-
ate. Water used in the studies was produced by MilliQ
Gradient water deionizaton system (USA).

2.3. Extraction of amino acids

For the extraction of free amino acids the samples of
the herbal raw material were grinded into a powder by
laboratory mill, then about 0.1 g (accurately weighed)
was selected and placed into vial with 2.0 mL of 0.1 N
aqueous solution of hydrochloric acid. The extractions
were carried out in the ultrasonic water bath at 50 °C
for 3 hours.

Extraction of bound amino acids was carried out by
adding 2 mL of 6 N an aqueous solution of hydrochloric
acid to 0.03 g of powdered herbal raw materials. Hy-
drolysis was carried out for 24 hours in a thermostat
at110 °C.

The resulting extracts were centrifuged at 3000
rpm and the supernatants were evaporated to dry-
ness on a rotary evaporator washing three times
with distilled water to remove hydrochloric acid.
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2.4. Pre-column derivatisation

The dry samples of herbal mixtures were dissolved in
390 uL of 1 M sodium hydroxide, then 333 uL of meth-
anol and 67 pL of pyridine were added and mixed thor-
oughly for 5 seconds. To the resulting mixtures 80 pL
of methyl chloroformate was added, stirred thoroughly
for 60 seconds. The amino acid derivatives were ex-
tracted with 400 pL of chloroform followed by the ad-
dition of 400 pL. 50 mM sodium bicarbonate. The chlo-
roform phase was used for future analysis*

2.5. Instrumentation and conditions of gas
chromatography-mass spectrometry

The amino acids composition in the samples
of the herbal raw materials was studied by gas
chromatography-mass  spectrometry  (GC-MS)
method using the Agilent Technologies (USA) sys-
tem, model 6890N/5973inert (6890 gas chromatog-
raphy with mass spectrometry detector 5973) and
capillary column HP-5ms (30 m x 0.25 mm x 0.25
mm, Agilent Technologies)?¢. The evaporator tem-
perature was at 250 °C, the interface temperature at
280 °C. The separation was performed in the mode
of temperature programming - the oven tempera-
ture was initially set to 50 °C, held for 4 min, then
ramped at the rate of 5 °C/min to 300 °C and finally
held at this temperature for 5 min. Injections of 1 pL
were made in the split mode 1:50. The carrier gas
flow rate through the column was 1.0 mL/min.

2.6. Identification and calculation by GC-MS

Amino acid identification was performed by com-
paring retention times (t,) of amino acid standards,
and the presence of representative molecular and
fragment ions (Table 2). The content of bound ami-
no acids was determined by subtracting the content
of free amino acids from their total content '#

The method was validated for linearity, limit of
detection (LOD), limit of quantitation (LOQ) and
precision. Linearity was performed by injecting a series
of standard solutions (0.1-10.0 mg/100g) with a three-
fold derivatization procedure and a single injection for
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each reference standard. The mean value and standard
deviation, as well as regression analysis were calcu-
lated using Microsoft Excel software package 2016
(USA). The LOD and LOQ under the chromatographic
conditions were calculated as 3 times and 10 times,
respectively. Linearity testing was repeated with the
same samples after a complete restart of the system
with removement and re-installation of the column.
Repeatability precision was determined by five-fold
injection of the same sample in a row. For the resulting
relative peak area of the quantifier ions the relative
standard deviation (RSD) was calculated. To determine
intra-day precision, five standard preparations of each
reference standard with the same concentration were
single injected and the resulting relative peak areas
were used to calculate the RSD. Inter-day precision for
the day of sample preparation and the two following
days was specified by injecting five standard sample of
each reference standard preparations once each on all
three days. The RSD of the samples on that day together
with the previous samples were calculated as above?’.

3. Results and Discussion

The analytical procedure has been validated to
confirm its reliability. All the peaks of reference
standards showed good linearity (R2 > 0.98) in a
wide concentration range (0.1-10.0 mg/100g). The
results showed that the LODs and the LOQs of ami-
no acids were in the range of 0.01-0.07 mg/100g and
0.02-0.20 mg/100g, respectively, indicating that the
sensitivity of the method was satisfactory. The repeat-
ability of the subsequent derivatization and GC-mea-
surement of five standard samples of each reference
standard with the same concentration resulted in
precision values for the derivatization procedure. For
intra- and inter-day precision, the RSD was in a range
of 1.24 % to 8.10 %, which is acceptable (Table 3.).
The results of qualitative and quantitative analyses
of free and bound amino acids in the herbal mixtures
are shown in Figures 1-4 and in Table 4.

Following GC-MS analysis, 5 amino acids in free form
and 11 in bound form were identified in the sample 1
of the herbal mixture (Figs. 1, 2); 5 amino acids in free
form and 14 in bound form in the sample 2 (Figs. 3, 4).
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Table 1: Composition of the herbal mixtures

Herbal mixture Herbal drug component Portion in the mixture, % Relative ratio
Urtica dioica leaf 26.32 5
Cichorium intybus roots 26.32 5

Sample 1 Rosa majalis fruits 21.05 4
Elymus repens rhizome 15.79 3
Taraxacum officinale roots 10.52 2
Arctium lappa roots 26.32 5
Elymus repens rhizome 26.32 5

Sample 2 Zea mays columns with stigmas 21.05 4
Helichrysum arenarium flowers 15.79 3
Rosa maijalis fruits 10.52 2

Table 2: Conditions for chromatographic identification of amino acids

Amino acids tR, min Molecular ion, m/z Main fragmentary ions, m/z
Glycine 14.83 147 88

L-alanine 14.83 161 102, 88

L-valine 18.57 189 146,130, 115,98

L-leucine 20.77 203 144,115,102, 88

L-serine 21.04 191 176,144, 114, 100, 88
L-threonine 21.28 205 147,115,100, 88
L-isoleucine 21.87 203 144,115,101, 88

L-proline 21.97 187 128,84

L-asparagine 22.09 262 146,127,95

L-aspartic acid 23.93 219 160, 128,118,101

L-glutamic acid 26.90 233 201,174, 142,114
L-phenylalanine 29.75 237 178,162,146,131,103,91
L-glutamine 31.90 276 141, 109, 82

L-lysine 35.94 276 244,212,142, 88

L-histidine 37.08 285 254,226,210, 194, 140, 81
L-tyrosine 38.94 296 252, 236,220,192, 165,146,121
L-tryptophan 42.01 276 130

The predominant amino acids in free form were L-pro-
line its content was 7.255 mg/g in the sample 1 and
17.829 mg/g in the sample 2 (Table 4). Proline has sig-
nificant hypoglycemic activity, due to a decrease in he-
patic glucose production owing to inhibition of glycog-

enolysis, gluconeogenesis and glucose-6-phosphatase
activity > Another free amino acid with a high content
in both studied herbal mixtures was is L-isoleucine its
content was 4.657 mg/g and 8.498 mg/g, respective-
ly. As for the amino acids in the bound form, predom-
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Table 3: Sensitivity and linearity parameters obtained for individual amino acids after GC-

MS analysis

Amino acids Regression Curve R? LOD, mg/100g LOQ, mg/100g
Glycine y =95.25x + 4.308 0.992 0.01 0.03
L-alanine y=81.03x +2.372 0.996 0.01 0.04
L-valine y=108.4x-1.502 0.996 0.02 0.06
L-leucine y =44.24x + 2.285 0.984 0.01 0.03
L-serine y=110.90x - 0.241 0.998 0.01 0.03
L-threonine y=77.24x+3.222 0.990 0.01 0.04
L-isoleucine y =44.24x + 2.285 0.984 0.01 0.03
L-proline y =124.50x + 0.359 0.998 0.01 0.02
L-asparagine y = 80.84x + 2.885 0.990 0.01 0.03
L-aspartic acid y=154.4x + 2.375 0.999 0.01 0.03
L-glutamic acid y =65.30x + 3.934 0.992 0.06 0.20
L-phenylalanine y =149.5x + 9.568 0.990 0.01 0.04
L-glutamine y =44.24x + 2.285 0.984 0.06 0.20
L-lysine y =127.80x + 5.598 0.984 0.07 0.20
L-histidine y=69.28x + 1.579 0.992 0.03 0.10
L-tyrosine y =124.90x + 2.897 0.995 0.01 0.05
L-tryptophan y =189.40x + 2.673 0.994 0.01 0.04

inant was L-proline in both samples 1 and 2 at content
11.751 mg/g and 10.273 mg/g respectively. It was fur-
ther found that sample 2 contains the largest amount
of bound amino acid L-leucine - 10.375 mg/g (Table
4). L-leucine is a branched-chain amino acid that plays
an important role in controlling protein synthesis and
regulating cell metabolism. One of the most important
functions of leucine in diabetes is that it has the ability
to stimulate insulin secretion in -cells of the pancre-
as, and also acts as a source of energy for metabol-
ic processes and an allosteric activator of glutamate
dehydrogenase to enhance glutaminolysis 15. Isole-
ucine, an isomer of leucine, which was also found in
both samples 1 and 2 in free and bound form does not
have itself the ability to stimulate insulin synthesis, but
in combination with leucine, their secretolytic activi-
ty increases significantly, causing a more pronounced
hypoglycemic effect?" 2%, L-aspartic acid was found in
both free and in bound form in sample 1 at a content
of 4.070 mg/g and 5.735 mg/g respectively, while in
sample 2 the free form is at low content (0.321mg/g)
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compared to the bound form (6.787 mg/g). In addi-
tion, high levels of L-phenylalanine in bound form were
found in both samples of the herbal mixtures at con-
tents 3.096 mg/g and 5.489 mg/g, respectively (Table
4). Phenylalanine, an aromatic amino acid, that has a
direct effect on the course of diabetes, in particular due
to its ability to regulate carbohydrate metabolism by
stimulating the release of glucan-like peptide-1 (GLP-
1), which in turn enhances secretion of insulin, stimu-
lates proliferation and neogenesis of (3-cells of the pan-
creas, reduces insulin resistance?*

Consequently, the studied herbal mixtures due to
sufficient quantities of plant amino acids could play an
important role as an additional aid in diabetes treat-
ment.

4. Conclusion

The results of the present study indicate a sufficient
content of essential amino acids in the investigated
herbal mixtures, which have the ability to stimulate
insulin secretion, reduce hyperglycemia and regulate
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Table 4: Content of amino acid composition in the samples of the herbal mixtures.

NGber Content of amino acids, mg/g
(c)lfl f:::ll;t(:: :;:;le of amino {R (min) Sample 1 Sample 2
gram Free Bound Free Bound
1. Glycine 14.77 n/d n/d n/d 6.871+0.12
2. L-alanine 14.85 n/d 0.103+0.01 n/d n/d
3. L-valine* 18.56 0.163+0.01 0.392+0.02 0.160+0.01 5.672+0.11
4. Nor-valine 19.57 Internal standart
5. L-leucine* 20.77 n/d 0.748+0.02 n/d 10.375+0.16
6. L-serine 21.11 n/d 2.174+0.07 n/d 4.153+0.08
7. L-threonine* 21.31 n/d n/d n/d 0.799+0.03
8. L-isoleucine* 21.87 4.657+0.09 2.811+0.04 8.498+0.08 5.918+0.12
9. L-proline* 21.97 7.255+0.12 11.751+0.09 17.829+0.19 10.273+0.16
10. L-asparagine 23.90 0.731+0.03 1.532+0.05 0.198+0.02 6.215+0.07
11. L-aspartic acid 24.02 4.070£0.05 5.735+0.06 0.334+0.03 6.787+0.11
12. L-glutamic acid 26.86 n/d 0.321+0.03 n/d 3.810+0.08
13. L-phenylalanine* | 29.74 n/d 3.096+0.08 n/d 5.489+0.09
14. L-glutamine 31.90 n/d n/d n/d n/d
15. L-lysine* 3591 n/d 0.400+0.03 n/d 6.483+0.09
16. L-histidine* 37.24 n/d n/d n/d 0.128+0.01
17. L-tyrosine 3891 n/d n/d n/d 5.217+0.11
18. L-tryptophan 42.01 n/d n/d n/d n/d
Note:

1. * - essential amino acid;
2.n/d - not detected;
3. Values are expressed as mean # SD (n=5).
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Figure 1. GC-MS chromatogram of free amino acids in

the sample 1 of the herbal mixture.
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Figure 2. GC-MS chromatogram of amino acids after

hydrolysis in the sample 1 of the herbal mixture.
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Figure 3. GC-MS chromatogram of free amino acids in
the sample 2 of the herbal mixture.

metabolic processes in patients with diabetes. The pre-
dominantamino acids L-leucine in free form and L-pro-
line in free and bound form in sample 2 and L-proline
in free form and bound form in sample 1 are the amino
acids with the most pronounced insulin secretolytic
activity. The obtained data testify to the expediency of
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H e€amAwon tov evtepov kOpatogtng ovdnpiag COVID-19 mtov SokIUGTEL TIG KOWWVIEG OE TTAyKOGLLO ETITTESO

£XELOTEPNOELTIC ETOTNLOVIKES ETALPEIEG ATIO T1 SUVATOTNTA VX TIPAYULATOTIOLOVV ETILGTILOVIKES EKSNAWGELS Kol

OLVESPLA, LE PUOLKT) TTIOPOLGia.. G EK TOUTOU TA GUVESPLA TIOV ELYAV TIPOYPAUUATIOTEL LEXPLKAL TNV AVOLEN TOU
2021 éyovv avaBAnBein Ba mpaypatomomBolv on line eovikd (virtually). Mévovpue ac@aieig!

The spread of the second wave of COVID-19 pandemia does not allow scientific activi-ties to take place with
physical presence Thus, all scientific events scheduled till spring 2021 have been cancelled, or will be con-

ducted virtually. while all face-to-face activities have been replaced with online meetings. Stay safe!

* APRIL 14-15,2021 | VIRTUAL EVENT | KINASE 2021: 9TH RSC / SCI SYMPOSIUM ON KINASE INHIBITOR DESIGN

https://www.rsc.org/events/detail /40755 /kinase-2021-9th-rsc-sci-symposium-on-kinase-inhibitor-design

e MAY 26 - 28,2021 | VIRTUAL MEETING
EUROPEAN CHEMICAL BIOLOGY SYMPOSIUM (ECBS2021)
https://ecbs2021.eu/

*JUNE27-]JULY 11,2021 | VIRTUAL MEETING
40™ EDITION OF THE EUROPEAN SCHOOL OF MEDICINAL CHEMISTRY (ESMEC)
https://eventi.uniurb.it/esmec/

¢ AUGUST 29 - SEPTEMBER 2, 2021 - BASEL, SWITZERLAND

XXVIEFMC INTERNATIONAL SYMPOSIUM ON MEDICINAL CHEMISTRY (EFMC-ISMC 2021) EFMC SYMPOSIUM
https://www.efmc-ismc.org/

« SEPTEMBER 2 - 3, 2021, BASEL, SWITZERLAND | 8TH EFMC YOUNG MEDICINAL CHEMISTS' SYMPOSIUM
(EFMC-YMCS 2021) EFMC Symposium

https://www.efmc-ymcs.org/

« SEPTEMBER 19-23, 2021, BARCELONA, SPAIN

23R° EUROPEAN SYMPOSIUM ON QUANTITATIVE STRUCTURE-ACTIVITY RELATIONSHIP (23*° EUROQSAR)
EFMC Sponsored Event

https://www.eurogsar2020.org/

* SEPTEMBER 20-23,2021, VIRTUAL EVENT

12TH INTERNATIONAL CONFERENCE ON “INSTRUMENTAL METHODS OF ANALYSIS” (IMA-2021)
www.ima2021.gr

« SEPTEMBER 22-24,2021 | VIRTUAL MEETING | SUMMER SCHOOL IN PHARMACEUTICAL ANALYSIS (SSPA2021)

http://www.sspaweb.com

 APRIL 18-20, 2022, TOKYO, JAPAN
INTERNATIONAL MEET ON PHARMACEUTICS AND DRUG DELIVERY SYSTEMS (PHARMAMEET2022)
https://www.albedomeetings.com/pharmameet/index.php
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