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VYTunaj kommiekca BuTaMruaa be Ha HeypouHQIamaujy u pa3Boj eKCrepuMEHTATHOT

ayTOUMYHCKOT eHIe(haTOMH]eITUTHCA
CAXKETAK

Jebunujennuja BuTaMuHa be moBe3aHa je ca KOTHHUTHBHOM JHUC(PYHKIIUjOM |
pa3NUYUTUM OOJIECTHMA LIEHTPAIHOT HEPBHOT CUCTEMA, YKJbYUYjyhU U MyITHILTY CKIEpO3y y
YHjOj OCHOBHU Cy HEYpOMH(IaMaTOPHU MPOLECH. Y OBOj T€3M HCIUTAH j€ YTHIA] KOMILJIEKCca
Butamuaa be (bel, be2, be3, be5, be6 u bel2) nHa mporpecujy OoiecTH, Mpolece
uHbamMaluje, Ka0 1 Ha cacTaB MHUKpPOOMOTE LpeBa y E€KCIIEPUMEHTAHOM ayTOMMYHCKOM
eHIe(daIoMujeuTICy, KUBOTUILCKOM MOJENy MyinTuruie ckiepose. Ilopex Ttora, edexar
KOMIUIeKca BHTamMuHa be ©Ha ¢ynkuujy BV2 hemuja MuKporimje aKTHBHpPaHHUX
JIMIIONOJIMCAXAPUAOM UCIUTaH je in Vitro. J[oOujeHn pe3ynraTtd mokasaiu Cy Ja TpeTMaH
KOMIUIEKCOM BUTaMuHa be y0OnakaBa KIMHUYKY CIMKY M JIOBOOU 10 Op>Ker OHmopoBKa
KHUBOTHHbA, KA0 U JI0 CMamkbEHOT CTeNeHa MH(IaMaToOpHUX Mpolieca y TKUBUMa 0]l UHTepeca.
Takohe, yrBpheno je nma BuramuHu Tpyne be umajy yinory y ojapkaBamy eyOnose
MHUKpoOHoTe IpeBa. In Vitro ananmsa mokasania je JAa TpeTMaH KOMIUIEKCOM BHUTamuHa be
yTUYe HA CMambemhe MPOJYyKIMje peakTUuBHUX BpcTa KuceoHuka, NO u npo-uHdnamMaTopHUX
uuToknHa TNF-o u IL-6 ox cTpaHe akTHBHpaHHMX heiMja MUKPOIJIHjE, Ka0 U Ha IPOMEHE y
eKcrpecuju crnenupuYHUX Mapkepa Ka HeyponpoTeKTuBHOM M2 ¢enotumy. Takobe,
MOKa3aHo je Jla TPETMaH KOMIUIEKCOM BUTaMHHa be yTmue Ha cMameme HeYypPOTOKCHYHOT
edexTa MeanjaTopa MPOJYKOBAHUX O] CTpaHe aKTUBUpaHUX henmja Mukporiuje npema SH-
SY5Y Heyponckum henmujama. In sSilicO anamu3a MOTEHIMjaJHOr MeXaHHM3Ma JElIOBamba
BUTaMHHa be Ha mpoTenHe o/l HHTepeca y OKBUPY uH(IamatopHor myTta TLR4, ykazana je Ha
MOTEeHIIMja]l BUTaMuHa be a nHxubupajy KjbyuyHe NpOTEUHE y OKBHPY MH(IAMAaTOPHOT IMyTa
TLR4, xao u INOS mpoTenH KOju TpeacTaBiba jelaH OJ BAXHUjHUX MapKepa aKTHBAI[H]je
henuja mukporiuje. Ha ocHOBY 1oOujeHHX pe3yniTara, MOXe Ce 3aKJbyYUTH J1a BUTaMUHU be
KOMIUIEKCa WMajy TOTEHIHjaJl Ja Ce NPHUMEHY]y Kao JojaTHa Tepanuja 3a MYJITHILTY

CKJIEpO3y U CPOJIHE HEeypoJiereHepaTuBHe opeMehaje y unjoj OCHOBH je HeypouHpIamaIuja.

KibyuHe peun: komruiekc BuTamuHa be, Heypoundnamanuja, MyJITUILIA CKIIEPO3a,
eKCIIepUMETHAIHN ayTOUMYHCKH eHIlepaloMH]jeInTUC, hennje MUKporiuje

Hayuna o0uact: buonoruja
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The effects of vitamin B complex on neuroinflammation and the development of

experimental autoimmune encephalomyelitis
SUMMARY

Vitamin B deficiency has long been associated with cognitive dysfunction and various
central nervous system diseases, including multiple sclerosis. The aim of the present thesis
was to investigate the effects of the vitamin B complex (B1, B2, B3, B5, B6, and B12) on the
disease progression, the inflammatory processes, and the gut microbiota composition in an
experimental autoimmune encephalomyelitis, animal model of multiple sclerosis. In addition,
the effects of the vitamin B complex on the function of lypopolisaccharide stimulated BV2
microglial cells were examined in vitro. The obtained results showed that the vitamin B
complex treatment attenuated the clinical signs of experimental autoimmune
encephalomyelitis during the disease, shortened the duration of experimental autoimmune
encephalomyelitis, and also reduced the extent of inflammatory processes in the affected
tissues. In addition, it was found that B vitamins have a role in maintaining gut microbiota
homeostasis. In vitro analyses demonstrated that vitamin B complex treatment decreased the
production of reactive oxygen species, NO and pro-inflammatory cytokines TNF-a and IL-6
by lypopolisaccharide-activated mouse BV2 microglia, and also caused a shift in the
microglial phenotype towards the neuroprotective M2 phenotype. Furthermore, treatment
with vitamin B complex has been shown to mitigate the neurotoxic effect of mediators
produced by activated microglial cells on SH-SY5Y neuronal cells. The in silico study on the
potential mechanism of action of selected B vitamins revealed that various B vitamins have
the potential to inhibit key proteins within the TLR4 signaling pathway, as well as inducible
nitric oxide synthase, a marker of microglial activation. Based on the obtained results, it is
evident that B vitamins display a notable synergistic effect, suggesting their potential utility
as complementary therapy for multiple sclerosis and related neurodegenerative disorders

linked to neuroinflammatory processes.

Key words: vitamin B complex, neuroinflammation, multiple sclerosis, experimental
autoimmune encephalomyelitis, microglia cells
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Excnepumenmannu odeo Ooxmopcke Oucepmayuje ypahen je Ha buonowkom
gaxynmemy Ynusepsumema y Beoepady, y Busapujymy u nabopamopujama Hncmumyma 3a
Quzuonocujy u ouoxemujy ,, Mean baja‘ u Uncmumyma 3a 300102ujy, kao u y Odemer)y 3a

UMYHONIO2U]Y U umMyHonapazumono2ujy Uucmumyma 3a npumeny nykieapne enepeuje MHEII.
3axsamyjem ce ceuma Koju cy 0onpuHenu uspaou oge 0OKmopcke oucepmayuje.

Ipazoj memmoprku npog. bumwanu Boowcuh Hedemwkosuh eeruxo xeanra Ha
noceehenocmu, nooOpuwiyuy, pazymesarby, axiCypHoCmu u yKasauoj nomohu mokom ussoherba
06e 0okmopcke oucepmayuje. bBeckpajuno xeana na npuruxama oa Hanpeoyjem, npeHemom

O0pazoyeHoM 3Harby U ygohervy y ceem uMyHoao2uje u Hayxe.

Ilocebno xeana opacum npujamesmuma u xKoneeama uz HMmyno muma, Oop bojany
Boowculty u op Jenenu Penay na yeohersy y céem buoungopmamuxe, c6um KOHCMPYKMUSHUM
casemuma, ykazamoj nomohu u noopuiyu moxom usgohera oee 0OKmMopcke oucepmayuje.
Benuxo xeana op Taru Jlynuh, na koncmaumunoj noopuwiyu, HeceOuyHoj nomohu, pazymesarby

U CBUM 3ajeOHUYKUM MPEHYYUMA, CMeX) U pady y 1a6opamopuju.

Xeana op Kamapunu Mumuh na nomohu y excnepumenmainom paody u npeHemom

3HAY.

Benuxo xeana ronecama ca Kamedpe 3a 6uonocujy henuja u mkusa, npog. Op
Anexcanopu Kopah u op Mapuju Anexcuh na ycmynarwy nabopamopuje u peazcanaca 3a
uzeoherwe  excnepumenama. Xeana Ha HeceOuumoj nomohu, npememom  3HaARY,

KOHCMPYKMUBHUM caeemuma u cyeecmujama MOKOM eKcnepumenmairnoe pada.

p Mupjanu Pajunuh-Cmojanosuh eenuko xeana Ha YnosHasawy ca C6emom

Mqu06u0me, npeHeniom 3Hary u CMmpy4Hum casemumda.

Ilocebny 3axeannocm oOyeyjem Koneeama ca Mucmumyma 3a npumeHy HyKieapHe
enepeuje, op Cepeejy Tomuhy, Mapunu bexuh u op Munany Mapkosuhy na moeyhnocmu 3a
peanuzayujy 6e1uKo2 eKcnepuMeHmannoz oeida oge Ookmopcke oucepmayuje. beckpajno
X8ana Ha u3080jeHOM 6peMeHy, YCMYN/beHOM NPOCMOpPY U De2aHCUMd, NPEeHemoM 3HAM),
CBUM OpazoyeHuM cagemuma U cy2ecmujama, HeceOUuHoj nomohu u npujamuoj paowoj

ammocghepu.



p Munu Ilepuh 6Geckpajuo xeana Ha c60j yKazawHoj nomohu, cmpnwbery,
cmepHuyama, yeoherwy y pao ca ecKnepuMeHmaiHum HCUBOMUrbAMd, HeceOUUHOM Oe/berby
3HARA U YNO3HABARY CA MHO200POJHUM eKCNEePUMEHMATHUM MEXHUKAMA Koje cy OonpuHene

Keanumemy oge 0OKmMopcKe oucepmayuje.

Xeana op Cawu Illexosuh na ywecmeosary u uzeohersy N VIVO eKcnepumenmantoe
oena oee oucepmayuje, Kao u y 0emabHOj AHAIU3U XUCMOJIOWKUX npenapama. Xeana Ha
yeohery y pao ca ekxchepumMemHaiHuM HCUBOMUFAMA, HeceOuuHoj nomohu, enmysujazmy u

s3ajacarsy.

Hp Ilpedpazy Hedewrosuhy eenuxo xeana na ykazanoj nomohu y uzeohersy in Vivo

eKcnepumMenmanto oend. Xeana Ha npenemom 3Hary U npyxHcarLy CMpyyHux cagemad.

Xeana op Mapuanu QOanhe Ilasnosuh na ykaszamoj nomohu, npenemom 3HaARY U
yeohery y excnpeumemuannu pao ca heaujckom Kyaimypom Koju je donpuneo uzeohery in

Vitro excnepumenmannoe doena ose 00kmopcke oucepmayuje.

Xeana op Josany Ilewiosuhy na ykazanoj nomohu moxkom ecknepumeHama u3onosarsd

ﬂHK anaiusu pesyaimama u KOpPpUCHUM casemumda.

Xeana op [ywawny Paoojesuly ca Hucmumyma 3a MONeKylapHy 2eHemuky u
2eHEeMUYKO UHICEIbepPCMBO HA YCMYN/eHUM peazeHcuma u nomohu mokom oopehusarva
C®Db, npenemom 3Hary U HA U3080JEHOM BPEMEHY 3d AHANU3Y Pe3YImama U Npujamuoj

ammocgepu y 1abopamopuju.

Hajeehy 3axeannocm oyeyjem nopoouyu, cynpyey u npujamemuma Koju cy yeex ouau
V3 MeHe Ha 080M NYMY, X8ald 6aM HA HeUMepHOj noopuiyu, mwybasu u pazymesarsy. 08y
oucepmayujy noceehyjem mojoj mamu, Koja je yeex ouna my 3a meHe u 6e3z Koje He oux ouia

my eoe jecam.



1 YBOJI



1.1 Myarumjia ckjepo3a

Mynrumia ckinepo3a (MC) je XpoHHYHA ayTOMMYHCKa OOJIECT IIEHTPATHOT HEPBHOT
cucrema (IIHC). I'maBHe kapakTtepucThke oBe OojectH ykJbydyjy uH(pnamanujy [[HC-a,
JIeMUjeTMHU3aIM]y, omTeheme/ryOuTak akcoHa W MOCIEAMYHY HeypojaereHepauujy [1, 2].
[Ilupom cBeTa QMjarHOCTUKOBAHO j€ MPEKO ABa MuiIMoHa oboienux og MC, ca ABOCTpPYKO
BehOoM MHIMIECHIIOM KOJI )Ke€Ha y ofHocy Ha Mymikapie. MC ce 0OM4HO jaBiba KOJ O/APACIINX,
y nepuony ox 20 mo 45 roawHa, aaM ce MOXKE JaBUTH U Y JIETUHLUCTBY MU KacHUjeM J00Y
[3].

Nako tagan y3pok MC-€ HHje MOTIIYHO pa3jallmbeH, cMaTpa ce Ja Ha pa3Boj OBE
OonecTn yTude KOMOHMHAIMja pa3IMYUTUX (akropa. | eHeTHYKa NpeAncro3uiifja, BUPyCHA
mumuKprja (nH(pekuuja Epstain-Barr Bupycom), HenocraTak oaroapajyhux Buramuna (kKao
IITO je BUTaMUH J]), aclieKTH )KUBOTHE cpeinHe (M3JI0KEHOCT XeMHUKaIMjaMa, KOH3yMHUparbe
nurapera, UCXpaHa, UTH.) U reorpadcka nokanuja (ceBepHa xemucdepa — MamaK CyHUCBE
CBETJIOCTH) 4YHMHE (haKTOpe KOjU JONMPHHOCE HACTAHKY WU pa3Bojy oBe Oosectu [4]. MC je
0oject Koja  3allOYMIEe  HEYPOWMH(IIAMAIIMJOM  IITO  IMOCJICIUYHO  JOBOAM  JIO
HeypozereHepanuje (omrehema akcoHa W (GopMupama Jie3ja) y PasIudYuTHM JICIOBUMA
I[MHC-a. Ycnen Beoma IpOMEHJBUBOT U KOMIUIEKCHOT Toka, MC ce Ha OCHOBY KIIMHUYKE
CITUKE MOJKE jacHHje Te(HHUCATH TIOIEIIOM Y YeTUpH 00JrKka 6osectu [3, 4]:

1. PenancHo-pemurentHa MC (PPMC) — npencraBiba Hajuemrhu oOJIMK KOju 00yxBaTa
oko 85% mamujenara, OKapaKTepHCaH II0jaBOM CHMITOMa TpaheHWM IMepHoanMa
pEMICHje U CMabeHeM/TYOUTKOM CHMITTOMA.

2. Cexkynaapaa nporpecuBaa MC (CIIMC) — moxe ce jaButu Koj mamnujeHara ca PPMC.
VY oncyctBy oaroBapajyhe Tepamnuje, nmporpecuja 601ecTH ce HacTaBjba — JI0JIA3U 10
MoropIliama CTarmba ca ik 0e3 rmepruojia peMucHje/cMamemha CHMITTOMA.

3. Tlpumapua nporpecuBaa MC (IIIIMC) — jaBma ce xox 10% mnarmjenara. Kox ose
¢dopme MC nomas3u 10 HOCTENEHOT OropIiamba CUMITOMA, O€3 IPUCYCTBA PEMHUCH]E.

4. TlporpecuBHo-penancupajyha MC (ITPMC) — jaBma ce kox camo 5% mnanmjeHara,

OJIJTUKY]j€ C€ TTIOBPEMEHUM I10jaBaMa Moropiiama CUMIITOMA, 0€3 TPUCYCTBA PEMHUCH]E.

Knuanuku cumnromu MC-e Mory Bapupatu Mel)y manujeHTuma y 3aBUCHOCTH Off TOTa
KOja HEepBHa BJIlakHa cy 3axBaheHa. Melyrum, Hajuemrhu CHMITOMH YKJbY4dyj]y CEH30PHH
ryoutak (mapecre3uje/Tpmeme), ONTHYKKM HEypuTUC (maplUujaTHU/TIOTIYHH TyOMTaK
LEHTPAJIHOT BHMJA WM JBOCTPYKH BH[), HEYypajlrujy TPUIEeMHUHYCa, MHOKUMH]Y JIMIA,
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MOTOPUYKY CJIA00OCT €KCTpEeMHUTETa, MopemMehaj KoopArHAIMje TOKPeTa, BPTOTJIABHUILY, YMOP,
a 4ak ¥ MeHTaHe nmopemehaje kao mro je aenpecuja. Ycien KOMIDIEKCHOT TOKa 00JIeCTH U
Bapupama KIMHUYKUX CHUMITOMa Mel)y maiujeHaTtuma, He IMOCTOjH jeAMHCTBEHH TECT 3a
nocraBJbame nujarnoze MC-e. bBosiect ce AMjarHOCTHKYje Ha OCHOBY KJIMHHUYKHX Hajlaza U
KOMOMHAIMje HEKOJMKO METO/a, Kao INTO Cy MarHeTHa pe30HaHIla MO3ra W aHajin3a
nepedpocnunanie tedyHoctu (LICT). dujarHoza MC-e ce yrBphyje Ha OCHOBY IpHCYyTCBa
ne3uja y 6emnoj macu I{THC-a, xpounune nnpnamanuje [[THC-a, kao u mojaBoM HajMambe JIBE

pa3uuuTe enu3oie y ToKy oonecrtu [3, 5].

1.2 MexaHu3MHU HeypojereHepaiuje y MyJTHILIOj CKJIEPO3U

[Ipouec HeypouHpnamaiuje, KOju jé y OCHOBHM MHOTHX HEYpOJOIIKHX 000Jherba,
ykIpyuyjyhu u MC-y, ouiikyje ce M3MEHEHUM WM HEealeKBaTHUM UMYHCKHUM OJIOBOPOM
KOJU JOBOAM JO omTehema MHjeJIMHCKOT OMOoTada, ryOuTka (yHKIUje HEypoHA W pa3Boja
Oonectu. MujenuHcKka CTPyKTypa je cIlenujaqu3oBaHa MemOpaHa Koja o0aBHja aKCOHE
HepBHUX henuja, Gopmupa 3alITUTHU OMOTady U oMmoryhaBa edpuKacaH MPEHOC HEPBHUX
curHaiga. MujenTuHCKH OMOTad CTBapajy riujanae hemwuje: ommroaeHaporutn y [IHC-y a
[IBanoBe hemuje y IIHC-y [6]. Hyx akcona Hamaze ce u PaHBHjeoBa Cyxema
(HeMUjeTMHU30BaHM JICTIOBH aKCOHA) KOje KapaKTepHuIlle BelMKa TyCTHHA KaHama 3a
HaTpujyM. OBakBa JMCKOHTMHYHpaHa CTPYKTypHa OpraHM3allija 3HadajHO yOp3aBa IMpEeHOC
HEpPBHUX MMITyJIca U oMoryhaBa epukacHy TPaCHMHUCH]y CUTHasIa (aKIIMOHUX MOTEHIMjaa)
Iy’ aKCOHa HepBHUX henuja. I'71aBHE KOMIIOHEHTE MMJEITMHCKOI OMOTaya Cy MPOTEHHH U
munuai. HajBaKHMjM NPOTEMHH KOjU YYECTBY]Y y M3rpajlbU MHUJEIMHCKOT OMOTaya Ccy
mujenud  0a3nu  nporeuH (MBII), wmwujenun omuroxeHgpouutHu nporenH (MOI),
npoteonunuann npotreudH (IUUII) u apyru. BumecnojHy AMmuUOHy CTPYKTYypy 4YHHE
XOJIECTEPOJ, COUHTONMIAIN W TIMKOJIWIHUAA KOJU Tpaje HM30JalMOHM CII0j OKO aKCOHa.
Bucok campkaj numnuaa jaje MUjenuHy KapaktepucTudan Oemm wmsrien [6]. ITpupoma
nH(IaMaTOPHOT OATOBOpA CE pasiHKyje u3Mel)y akyTHO/penancHOT U MpOrpecuBHOT 00IHMKa
6onectu. TokoM paHor nmepuoja, yciea uHpaamalje y peruony Mo3ra i KHIMeHe MOXKINHE
J0JIa3u JI0 JEMUJEeIMHU3AIN]je W T0jaBe Jie3Wja JIONMPAHUX yHyTap Oeile Mmace, JTOK Yy
MPOTPECUBHOM CTaaujyMy OOJECTH, yCliell HapylieHe KpBHoO-MoxmaHe Oapujepe (KMB),
JI0J1a3M 10 KOpTUKAJIHE JeMHUjeluHu3anuje u Audy3Hux omrehema akcoHa, Kao U MIUPEHA
Beh mocrojehux aemujenuuusanuonux Jyesuja [1, 7, 8]. McrpaxkuBama cy yTBpAmia 1a je

nponyctibuBocT KMB-¢ moeehana kox manujenara ca MC-om [7]. Mako Humje jomr ca



curypHomhy ytBpheno mga nu je Hapymenu unterputer KMb-e y3pox wmim mocneauia
HeyponereHepanuje y MC-u, jacHO je 1a OBU IPOLIECH JOTPHHOCE UMYHOMaTorene3n MC-e u
na moctoju Kopenarnuja wusmely mnpomycrieuBoctd KMbB-e u mporpecuje MC-e  [9].
MuxkpoBackynarypa I[[HC-a mnpeacraBba CIIOXKEH CHCTEM KOjU C€ CacTOju  OJ
CIeIMjaIM30BaHNX CHAOTEIHUX henmja, Koje ce jour HasuBajy ¥ eHmpoTenHne hemuje KMb-e
[9]. Osmaj chmenujanu3oBaHd CHOOTEN je OOJIOKEH IEPHIMTHMA, ACTPOLUTHMA, Kao M
BacKyJlapHOM 0azaqHOM MeMOpaHoM (OPMHUPAHOM OJI CHEIHjaIM30BaHUX MOJCKYJa
Banhenujckor marpukca [9, 10]. JlomatHo, Tpeba HamoMeHYTH Ja HEypOoHH U hemuje
MUKporuje Takohe yruuy Ha (eHorun henuja Oapujepe mpoaykuujoMm ¢akTopa Koju
noapxkasajy uHrerpurer KMb-e, ncroBpemeHo HMHIyKyjyhu eKclpecHjy MoJeKyla KOju
YUECTBYjY y MMYHCKOM OJITOBOPY, Kao IITO Cy XEMOKHMHH W aJXE3MBHH MOJIEKYJH, Ha
enporenauM hemujama KMb-e [9]. Uudunrpanuja aktuBupanux Jjeykomura y L[HC
Mpe/cTaB/ba jeaH O KJby4HHX gorahaja xon mamujeHata ca MC-om, Koju pesyiaTyje
JEMHjeJIMHU3AlNjOM aKCOHa U (QOopMHUpameM Je3dja Yy MO3TY M KHUMEHO] MOXKIUHHU.
AXTUBUPAHU JICYKOLUUTH AUPEKTHO WIA UHAMPEKTHO YTUUY Ha IepeOpOBACKYIAPHHA €HIOTEI
u npomyctibuBoct KMb-e, ekcripecujy W NpOIyKIHjy NpO-UHGIAMATOPHUX LUTOKHHA U
apyrux conyomnHux wmemujaropa [9]. HudaamatopHa kackaga HHIAyKyje HPOMEHE Y
apXUTEKTYpH U JOKaJIU3alMjU IPOTEHHA YUBPCTUX Be3a (Kao LITO Cy KJIAyIUHU U OKITYAUHU) U
CTIOjHUX aIXE3MBHHUX MOJIEKYyJa, KOjH Cy KJbYYHH y peryianuju mpomyctibuBoctd KMB-e.
Kao pesynrar tora, Hapymenu unterputer KMb-e onakmaBa murpanujy uMyHckux henuja
Koje u3 nepudepHe kpBu nposaze kpo3 KMb-y u Ha Taj HauMH npoMoBUILy HH(IAMaLN]y y
[IHC-y xox nanujenara ca MC-om [7, 11]. Mmajyhu y Buny na mukpoBackyiatypa [JHC-a
Mpe/icTaB/ba INIABHO MECTO ylacka MMYHCKUX henuja koje he ce Hahm y uHuitparuma,
cTora ouyBame oBUX cTpykTypa y [IHC-y Moke nonpuHeTd cMameny HeypouH(aMaimje u
CXO/IHO TOME€ YONaXHUTH KIMHUYKE 3HaKe M mporpecujy Oonectu. [lopex mporeca
MMyHONIATOTeHe3e, MeEXaHW3MU KOoju Takohe pgompuHoce mporpecuju  MC-e cy
penuctpuOyIMja jJOHCKMX KaHajla M MeTabOoJIMYKe TPOMEHE HacTaje yciea Mporeca
nemujenuan3anyje [12]. YV nesmjama kom marnujenata ca MC-om yrBpheHa cy nudysHa
omrehema MHTOXOHIpHja, IITO JOBOAM JO HApylIEHE aKTUBHOCTH KOMIUIEKCA
pecrupaTopHOr  JIaHIa M  CMameHe Ipou3BOAWmE  eHepruje. Hakon  mporeca
JIeMUjeTMHU3aIMje, moTpede 3a eHeprujoM ce mnoBehaBajy ycien HacTaHKa TIPEKHja
napaHoaTHUX MUjenrHCKUX netibu [13]. Cmameme nponykuuje ATII-a y HeypoHHMa MOXe

y3pokopatu muchynxuujy Na'/K* mymme, ctBapajyhu KOHCTaHTHY HATPHjyMOBY CTpY]jy, Koja



HapyIaBa Na‘/Ca* W3MEHY W JIOBOJIM JI0 aKyMmyJialidje Kanmujyma y akcony. OBo 3ay3Bpar
aKTHBHUpA CH3MME Kao IITO Cy mpoTtease, ¢pochoiunase U KallanHe, ITO JOBOAU A0 JaJber
omrehema HeypOHa W/WIM aKCOHA, Kao U cMmameHe npousBoame ATII-a [12]. ITopen Tora,
omreheme akcoHa MOXKE€ OHTH Y3POKOBAaHO M HEAZCKBATHOM TPO(PUUKOM MOTIIOPOM.
OnuroaeHAPOUTH KOPUCTE TIAYKO3y W3 IUpKyJamuje, pasrpahyjyhu je Ha mupyBar Wiu
JAKTaT KOjU Yyjia3e Yy AaKCOH TIJeé WX MHUTOXOHApWje Kopucrte 3a cuHtesy ATII-a.
ANTEepHaTUBHU H3BOpP €HEpPruje 3a AaKCOHE J0JIa3u W3 TJIMKOTeHa YCKJIAIUIITEHOT Y
acTPOLIMTHMA, KOjH c€ MOXKE TpaHC(hOpMHUCATH Y TITYKO3y U KacHHUje Yy TUPYBAT WK JAKTaT, y
3aBUCHOCTH OJ JOCTYMHOCTH Kuceonuka [12]. Tlocmemuiie oBHX aOHOPMATHOCTH Y
HEYpOHCKUM henrjaMa Yy3pOKyjy HeIOCTaTak eHepruje, JereHepalujy akCoHa M henujcKy
cMmpt, gonpuHocehw omrehemy TKMBa W CTBapamy Jieswja. XpOHWYHA HWH(IAMAIH]ja,
JEMHjeIIMHU3ANNja U POPMUPARLE JIe3Hja JOMPUHOCE PEIanco-PEMUTEHTHO] mpupoau MC-e,
OJTHOCHO jaBJbalby CHMITOMa TOKOM Iepuoja aKkTHBHE uHGpIamamuje (penancu) u

000JbINAY/CTA0UIM30Baby CUMIITOMA TOKOM (ase pemucuje [6].

1.3 HmyHomaToreHe3a MYJITHILIE CKJIEpO3e

[IpekoMepHU UMYHCKH OJTrOBOp PE3YJITyje aKTHBAlMjoM HMH(IaMaTOpHE Kackale Koja
MOCTEeIMYHO JOBOAM A0 XxpoHMuHe uHbpnamainuje y IIHC-y koja je kapakrepucTHYHa 3a
MHOre HeypoJomke Ooinectd. Y mnpouecuma uHbpnamamuje y MC-u ydectByjy henmje
ypoh)eHOr M amanTUBHOI HMMYyHCKOr ojaroBopa [8, 14] (cnmmka 1). Jeman oa OCHOBHHX
naropu3noIomKuXx Mexannzama MC-e mocpenoBaH je ayropeakTuBHUM T-henmjama koje
MPENo3Hajy Pa3IMuYUTe KOMIIOHEHTE MHjEJIMHCKOr oMoTaya. OBe KOMIIOHEHTE YKJbY4yjy
MBIT, MOT u TUIII [2]. ¥V HeypouH(]IaMaTOpHUM MpolieciMa Takohe ydecTBYjy M OCTaje
henuje umyHckor cucrema [14].

Kon mnaumjenara ca MC-oM, aeTekToBaHE Cy MpOMEHE y Opojy M (QYyHKUMjH
paznuunTux henuja uMyHcKor cuctema ykibyuyjyhu: T nmomohuuuke henuje (enrt. T helper
cells, Th), T uuroroxcuune hemmje (enrn. 7 cytotoxic cells, Tc), T perynaropue henwuje,
ypoheno-younauke T-henuje (enrsn. Natural killer T cells, NKT), yo T-henuje, unBapujanTHU
tun T-hemmuja mykosze, b-hemmje, makpodare u MuUKpoOriawjy, AeHIpUTCKe henuje u
cynpecopue henuje mujerouanor nopekia (enrn. Myeloid-derived suppressor cells, MDSC)
[1, 14]. HapymieHa uMyHCKa XOMeocTa3a J0BOJIU JIO HHIYKIIHjE Mpolieca JeMHjeIMHU3AIIH]e,
omrehema akcoHa W (opmupama jie3uja y pazHum genosuma [[HC-a, mro pesynrupa

HeypozereHepanujom [14].
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Cauka 1. UmyHonaTorenes3a y MyJITHILIOj CKICPO3H.

Koopauancana naTEpaKifja UMyHCKIX henuja u ofroBapajyhux IUTOKKWHA Y CTalkby HapyIIeHe
paBHOTEXe n3Mel)y po- U aHTH-UHQIAMATOPHOT UMYHCKOT oAroBopa. T momohnnuke henuje (eHrd.
T helper cells, Th), T untotoxcuune henuje (eurn. T cytotoxic cells, Tc), perynaropue T henuje
(enrit. T regulatory cells, Treg), ypoheno-youmnauke T-henuje (errm. Natural Killer T cells, NKT),
nHBapHujanTHu TN T-hemuja mykose (enri. Mucosal-associated Invariant T cells, MAIT),
nenapurcke henuje ([IR), uaBapujantau tTun NKT henuja (enru. Invariant natural killer T cells,
iNKT), Bapujantau tan NKT henuja (enrn. Variant natural killer T cells, vNKT ), makpodaru tun 1

u 2 (M1 u M2). IIpeysero u moaudukosano u3 [14].

1.3.1 T nomohuuuxke henuje

Haune CD4+ (enrn. Cluster of Differentiation, CD) T-henuje npemno3Hajy nentuie
npe3entoBane y okBupy MHC Il (errn. The major histocompatibility complex, MHC)
MoOJIEKYJla Ha TOBPUIMHM aHTUTeH npe3eHTyjyhux hemmja (AITh). Ha ocHoBy oarosapajyher
curHaia, ope henmje ce qudepennupajy y pasnuuute noarunose 7h henmja, mehy xojuma cy
Haj3Havajuuje Thl u Thl7, xoje umajy npo-uHduamaTopHy yinory u Th2 henmje koje umajy
anTu-uHpIamatopny ¢yHkuujy. Ilpema mocagammmuMm HCTpaKMBamHMa cMmaTpa ce ga -
henuje urpajy HeHTpaaHy yiaory y mporecuma matorenese MC-e [15]. T/l henuje u iuxoBu
npo-uH(IAMAaTOPHU UTOKUHU Cy MPUCYTHH Yy BUCOKMM HuBouMa y je3ujama LIHC-a kox
nanujeHara, Kao M y >KUBOTHECKOM MOJETY MYJITHIUIE CKiIepo3e (eKCIEepUMEHTAIHOM

ayrouMmyHckoMm enredamomujenutucy, EAE) kox mumea wiu manosa [14]. Mehyrum,
6



HEJIJaBHO je€ MOKa3aHO Ja IMTOKWHU Koje mpoaykyjy Thl henuje, xao mro je 1L-12, numajy
HEYpPOIIPOTEKTHUBHY YJIOTY U MOTY Jia cMame HeypouHpiaamanujy y LHIHC-y xon mamujenara
ca MC-om, kao u y EAE moneny [16]. Jlocanammu Tepanujcku Mojesnd ce 0a3upajy Ha
uHXUONUMju Thl WMYHCKOT OJIroBOpa M TpeycMepaBamy Ka aHTU-UH(IamMatopHoMm 71h?2
HMYHCKOM OJrOBOpPY, IIyTE€M MOJyJaluje MPOAYKIHje MUTOKHHA Kao mTo cy IL-4 (enrm.
Interleukin, IL), IFN-y (eurm. Interferon, IFN) u IL-17 [14]. Tlopex Tora, mokasaHo je aa
Th17 henuje Takohe urpajy BaxkHy yiory y matorenezu MC-e [17]. Ose henuje nposnaze kpo3
KMBb-y y HHC-y, rne npoaykyjy npo-uHdiaMaTopHe UUTOKMHE, YKIbYyuyjyhu u IL-174, 3a
KOjU je IMOKa3aHo Ja MMa HEMOBOJbaH yTHIlA] Ha mpolece peMujenunusanuje [17]. Bucoku
HuBou 1uToKuHA |L-/74 mpucyrau cy y nesumjama IHHC-a, xao u LICT-u u cepymy
nanujenara [17]. [IpuMeHa MOHOKJIOHCKMX aHTUTEIa yeMepeHux npotuB IL-7/74 nokasana je
cMameme Je3rja kKoja manujeHara ca MC-om y mopehemy ca manujeHTHMa KOjU HUCY
npumanu oBy Tepanujy [17]. Tlopen Tora, murokun IL-27 takohe mma 3Ha4ajHy yiory y
¢byukuju Thl nomohnnukux henuja. Haume, nurokun IL-27 uma ynory y mpomMoBHCambY
Thl yuMyHCKOT OJIrOBOpA, IITO MOXE JoNpuHeTH uHdramaTopHum npouecuma y MC-u. Koa
40% mnanujenata ca PPMC-om nokazano je na auBo |L-27 y mna3mu 3navajno Behu Hero xoj
3apaBux ocoba [18]. Meljytum, mo3uaro je aa IL-27 mosxe mpomoBucatu 1 qudepeHIHjaiujy
T1 perynaropuux T-henuja, mro ykasyje Ha JBOjHY ynory oBor murokuHa [19]. HenaBue
cTyauje ¢y mokasaie u npucyctBo Th9 henuja (cyononynamuje 7h henuja) y nesujama [THC-
a nanujeHata ca MC-om. Mako wuxoa ynora y MC-u Huje NMOTHYHO pa3jalllbeHa, KOJ
MuIIeBa je nmokasaHo jaa IL-9 u Th9 hemuje nonpunoce nndiaamanuju u unnykiuju EAE-a,
nok je kox 1L-9 knock-out mumesa pa3zsoj EAE-a 6uo naxubupan [20]. Takolje, ucrakuyT je
u 3Hauaj Th22 cyomomymnanuje Th hemuja xoje crernuduuno nperno3najy MBIT u koje cy

npucytre y nepudepnoj kpeu u LICT-u nanujenara ca aktusHom PPMC-om [21].

1.3.2 CDS8 uuroroxcuune T-henuje

[Mutorokcnune T-henmje nmpeno3najy nentuae y okBupy MHC | monekyima, a Takohe
eNMMUHUITY U henuje Koje cy HHpHUIpaHe BUpycoM, Kao U Tymopcke henuje. Mako wuxosa
yiora y naroreHesu MC-e HUje cacBUM jacHa, nokasano je n1a CD8+ henuje nzonosane u3
LCT nmanujenata ca MC, cneuuduuno npenosnajy MBI, MOI', u I [22]. Nako ce
yIJIaBHOM cMmatpa Ja y natoreHe3sn MC-e najehu nompunoc umajy CD4+ T edextopcke
henmje, ckopuja UcTpaKMBama yKa3yjy U Ha BakHy ynory CD8+ T-henmja. Hamme, mokaszano
je ma CD8+ T-henwmje npencraripajy mpuMapHy nomynanujy T-henrja xoja je 3acTylJbeHa y

nesujama y [{IHC-y xon mammjenara ca MC-om [15]. Bucok nuBo aktmBupanux CD8+ T-
7



hemja m murokmHa IL-17 nmerektoBan je y okBupy Jsesuja y IIHC-y TokoMm akyTHe U
xpoHuuHe (aze 6onectu. Y nepudepnoj kppu narujenara ca CIIMC u PPMC nerekroBan je
noBehan 6poj CD8+ T-hemwmja koje mpoaykyjy IL-1 u IL-17, nok je 6poj CD8+ T-henuja koje
nponykyjy IL-21 6uo nmoehan y ¢asu pemucuje PPMC, y nopehemy ca CIIMC [14, 22].

1.3.3 VYpoheno-youiaauke T-heanje

Ypoheno-yomnauke T-henuje nocenyjy kapakrepuctuke T u NK hemmja u nene ce y
nBa tumna: tan |, uaBapujantau tan NKT (errn. Invariant natural Killer T cells, iINKT) u tun
I, Bapujantau i NKT (enrnm. Variant natural Killer T cells, vVNKT ) [14]. V nenaBHuM
UCTpaXHMBAKUMA, MOKa3aHo je aa cy aedunmjenimja win ryourak dynkuuje INKT henuja
YCKO IOBE3aHU Ca Pa3BOjeM ayTOMMYHCKHX 000Jbema, YyKkibyuyjyhu u MC-y [23]. Haume,
kox nanujeHara ca MC-om npumehen je cmamen 6poj INKT henuja, 10k je y dhasu pemucuje
nerektoBan nosehan 6poj oux henuja [23]. TTopen Tora, VNKT henuje Mory aa npenosHajy
TJIMKOJIMIINIE KOJU Cy TPUCYTHU Y MHjEIMHCKOM OMOTady. YTpaBo 300r Tora ce cMaTpa Ja
VNKT wumajy norenumjanny yiory y naroreaesu MC-u [24]. Hacynpor tome, iINKT henuje
uMajy UMyHoperynaropHy yiory y MC-u, myrem ocnoOahama IHUTOKHHA KOjH TOACTHYY
mudepenurjaunjy HauBHux CD4+ T-henuja y Th2 henuje, koje uMajy aHTU-UH(DIAMATOPHY
byuknujy [25]. AxktuBupane INKT henuje ocnobahajy murokune kao mro cy IL-4 u IL-13
Koju crumynuimy audepenuujanmjy HamBHux CD4+ T-henmmja ka aHTH-MHQIaAMaTOPHOM
tuny, Th2 henujama (koje npoaykyjy IL-10 u IL-4). Tlopen tora, INKT henuje ocnobabajy u
IL-2 u dpaxrop Tpancdopmanmje pacra (enri. Transforming growth factor beta, TGF-B) koju
CTUMYJIHITY TponyKiujy perynatopuux T-hemuja [14]. [TocpeacTBoM OBUX MPOAYKOBAHHX
mutokuHa, INKT Mmemajy paBHoTexy usmely mpo-undiaamatopuor (Thl7, Thl uw CD8+ T
henujcku oAroBop) M aHTU-MH(IAMAaTOpHOT UMyHCKOr onarosopa (7h2 wm perynatrophe T-
henuje) y KopucT aHTU-MH(IAMATOPHOT, 11a UMajy Ba)XXKHY YJIOTY M Yy peryianuji UMyHCKOT

onorosopa y ITHC-y [3].

1.3.4 yo T-heauje

[Monynaumnja yd T-henmja obyxBata 2-5% T-henmuja y cexkyHIapHUM JIUMPHUM
opranuMa u nepudepHoj KpBU, NoK 4yuHM 4Yak 50% wunTpaenutenHux T numdonura y
upesuMa. OBy mnonynauujy T-henmja ojmkyje MyITH(YHKIMOHATHOCT, jep TMPOAYKY)Y
IIMPOK CIIEKTap LUTOKMHA, YKJbyuyjyhm IL-17A, IL-17F, IFN-y, IL-22, IL-21, GM-CSF
(enrs. Granulocyte macrophage colony-stimulating factor, GM-CSF) u TNF-o (erri. Tumor

Necrosis Factor Alpha, TNF-a). YTBpheno je na ose henuje mory ma cexperyjy IL-17 u 1L-21
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y oaroBopy Ha IL-1f wnmu IL-18, xao u IL-23 6e3 anraxxoBamwa T hemujckor penenropa.
Takohe, y6 T-hemuje mory na npoaykyjy IFN-y y oarosopy na murokune IL-15 u I1L-12 [26].
3axBaspyjyhu criocobHOCTH a2 6p30 OArOBOpE HA CTUMYIYC, OBE henuje y4ecTByjy y paHUM
¢dazama uHbIamanmje Ko HHEEKIUja U ayTOMMYHCKHX Oojectu, ykibyayjyhu u EAE.
Cryauje cy yrBpauie npucyctBo uHduiaTpara yo T-henuja koje mpoaykyjy IL-17 y IITHC-y y
EAE-y, m Ha Taj HauuH WHIUPEKTHO YyTUYY HAa (QYHKIH]Y OJIMTOJCHIPHUIIUTA U
JCeMUjEIMHN3AIIM]y aKCOHA TaKO IITO MPOMOBHIY HHAYKIH])y Th1l7 henuja, mojauaBajy
BUXOBY edekTopcky ¢yHkumjy u uHpmirpaunjy y HHC. Ananuza nuctpuOynmje oBHX
henuja y moneny EAE-a, noka3ana je 1a ce BUXOBa 3aCTYIJBCHOCT 3HATHO moBehaBa Tokom
noyetHe (asze OoecTH, I0K ce HHXOB HUBO CMamyje TOKOM (dasze omopaBka [26]. Takohe,
koj narjeHara ca MC-om, oBe henuje cy nerekroBane y akytHuM Jiesrjama y [{THC-y kao u
y ICT-u manujenara, yka3yjyhu Ha 3Ha4aj ¢pyHknuje yo T-hennja TokoM HHIYKIHjE mporieca

Heypoungamanuje y MC-u [27, 28].

1.3.5 HWuBapujantHu Tun T-hesmja myko3se

Wusapujantau tun T-henunja mykose (enri. Mucosal-associated Invariant T — MAIT
cells,) cy cyonononymnamuja T-henuja koje urpajy KJbydHy yjaory y oga0paHH OpraHu3ma OJ
uHopekja. AxtuBanujom MAIT henwja nonasum 10 NpoAyKLuje Mpo-UHGPIAMATOPHUX
LUTOKMHA KOJU CYy KapaKTepUCTHU4HHU 3a Th] uMyHCKU oArosop, kao mro cy IFN-y u TNF-a,
ay U 3a akTuBauujy 7717 UMyHCKOT OATOBOpA, ITO YKJbYUyje NPOAYKIH]Y HuToKnuHa IL-17
u IL-22 [14]. Hekonuko CTyAMja UCTAKIIO je TIOTEHIHjaHy YJIOTY OBUX hesuja y maToreHe3n
XpOHUYHHUX MH(pIaMaTopHUX Oonectu, ykipydyjyhm m MC-y [29-31]. V nocanmammsum
cTtynvjama koja marujeHata ca MC-om, npumeheno je ma cy MAIT henuje mpucyrtHe y
BEJIMKOM Opojy Ha MeCTUMa JeMHjeIMHU3alNje U WH(]IaMaTOpHUM Jie3ujama y 0elioj Macu
Mmosra [32]. Mehytum, nocroje ¥ KOHTPAJAUKTOPHH SKCIICPHMEHTAITHH TIOJIAlld KOjU YKa3yjy
Ha wumyHoperynatopny ¢yukuujy MAIT henmja xon mnamujenara ca MC-om, myTem

uaxuounuje Thl ogrosopa [33].

1.3.6 Peryaatopue T-heamnje

Perynatopne T-henuje mpencraBibajy BakaH aHTU-UH(IamMaTopHu noatun T-henuja
KOjeé WMaJy KJbYy4YHY YIIOTY Y OJpKaBamkby HMYHCKE TOJIEpPAHIMje TpeMa COICTBEHUM
aHTUT€HHUMAa U peryianuju umMyHcke xomeocrtaze. Y EAE-y, xuBotumckoMm moaeny MC-e,
UCTpaXKMBamwa Cy MokKaszana jaa TpaHcdep perynaropHux T-hemuja U3 KOHTPOIHHUX MUILIEBA Y
muieBe ca cumnromuma EAE-a Moxe 3HadyajHO YONaXuTH KIMHUYKE MaHM(pecTanuje
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OolecTH M CHOpeYMTH HeH gabu Hampemaak [34]. Takohe, unuxuOHIMja aKTHBAIH]je
perynatopuux T-hemuja mpumenom anTH-CD28 MOHOKIOHCKOT aHTHTENna moBehaia je
MOJUIOXKHOCT 3a MHAYKuWjy u nporpecujy EAE-a [35]. Mako TauHu y3poiu HeaJeKBaTHE
¢ynkuuje perynaropuux T-henuja HUCY y TOTIYHOCTH pa3jalllbeHu, Pa3InIUTe CTyAUje CY
yKazane aa AuCyHKIMja CYNPECHBHHUX MOJIEKyJa, MOMyT cMameHe ekcrpecuje CTLA-4
(emrm. Cytotoxic T-lymphocyte associated protein 4, CTLA-4) na perynaropuum T-henujama,
Ka0o M CMameHa NpoayKiyja nutokuHa kao mrto cy IL-10, TGF-4 u IL-35 mory nonpuneTu

maTOreHe3u  nporpecuju 6osectu [14, 35].

1.3.7 b-heanje

[Topen nmpomena y ¢pyaknuju T-henuja y marorene3sn MC-e, Takolhe je neTekroBaHa u
npekomepHa aktuBanuja b-hemuja m mponykumja antutena. b-hemmje cy cacraBHm 1neo
XYMOPAJIHOT HMMYHCKOT OJrOBOpa KOjeé C€ HaKOH INpero3HaBama W 0o0paae aHTHIeHA
mudepeHnrpajy y edekropcke MmiuasMa hendje Koje UMajy CIOCOOHOCT MPOJYKIHUje
cnenuduuHux antutena. b-hemuje perymumry npomece naduamanuje y [ITHC-y Ha HEKOIHUKO
naumHa. [Ipe cera, b-henmje mocpenyjy y oBum npomecuma kao AITHh koje mpoaykyjy mpo-
uH(pIaMaTOpHE, alu W peryiaropHe (aHTH-UH(IAMATOPHE) HUTOKUHE, KOJU KOHTPOJIUIIY
¢byHKIHM]y ocTanux UMyHCKuX henuja. Mako ux o/uiMKyje 1BOjHA yjora — Mory u aa nosehajy
U J1a CMambe WHTEH3UTeT HH(pIamanuje — mnpo-uH@iaMaTopHu edekTH oBuxX henuja cy
MCTaKHYTH Ko/ maijeHara ca MC-om [36, 37]. Jloka3zaHo je npucyctBo b-henuja y IITHC-y u
HCT-u nmanujenara ca MC-om uuju je moBehan O6poj Ouo y Kopenamuju ca Mporpecujom
6onectu. Kox 95% mnamnujenara nokasaHo je MPUCYCTBO OMUTOKIOHCKUX Tpaka y LICT-u u
MapeHXuMy Mo3Ta, Koje cy mpou3Boj nosehanor 6poja b- henmja u cuntese 1gG  (enrd.
Immunoglobulin, 1g) y ne3ujama kapakrepuctuunum 3a MC-y [14, 38]. Takolhe, nmokasaHo je
na b-henuje nzonoBane u3 kpsu nanyjeHara ca MC-oM, UcnosbaBajy IpoOMEHe Y IPOAYKIIUjU
npo-uH(pIamMaTopHUX MUTOKKHA Kao mTo cy IL-6 u TNF-a, y nopehemy ca 3apaBum ocobama
[39]. Tlopen Tora, moBuiienu HuBom xemokmHa CXCL13 (enri. Chemokine C-X-C motif
ligand, CXCL) y ILICT-u koju npusiade b-henuje cy mosesanu ca unduamarmjom y [IIHC-y u
nokanHoM npom3BoamoM 1gG kon nanujenara ca MC-om [36, 39]. TToka3zano je na IITHC kox
namujeHata ca MC-om mnoctaje Mecto akymynanuje b-henuja u npoaykiuje antuTena mro
nonpunocu mnaroreHesm MC-e [40], a oOJMIOKIOHCKE Tpake TIPEICTaBbajy jenaH oj

MoKasarejba y MUMYHO-AMjarHOCTUIIM nanyjeHata ca MC-om.
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1.3.8 Makpodaru u MUKporiIuja

Makpodaru npencraBibajy momyianujy ¢arouuTHux henmuja ypoheHor uMyHCKOT
cuCTeMa KOje ce Ha OCHOBY (PCHOTHIIA M LUTOKUHCKOT Npo¢uiia MOTY IOJCIUTH y JIBE
kareropuje, M1 u M2. Makpodaru M1 Tuna npoaykyjy npo-uHpiaamaropHe HUTOKHHE U
xemokuHe ykibyuyjyhu IL-1, IL-6, IL-12, TNF-a, MCP-1 (enr;i. Monocyte chemoattractant
protein-1, MCP-1), xao u uHaynuOHIHy CHHTa3y a30T MoHokcuza (euri. Inducible nitric
oxide synthase, iINOS) , nok M2 makpodaru cexperyjy aHTH-uH(pIaMaTopHe uToKuHe IL-4,
IL-10 u TGF-p1 [14, 41]. Makpodaru urpajy Kiby4dHy yjaory y natoreaesu MC-e u BeoMa cy
3aCTYIUBEHH Yy Jie3djaMa TOKOM IIpoleca JeMHjelMHH3aluje, Kao WU y paHoj ¢dasu
pemujenmamzanmje. [lopen Tora, y Jiesmjama Koje c€ jaBJbajy y pPEruoHy Oeie Mace KoJ
nanujeHata ca MC-oM, mpucyTHe cy hendje MHUKpPOTJHje KOje MPEACTaBibajy MOIYNaln]jy
pPE3UICHTHUX Makpodara y Mo3ry, Kao jeAHe O]l IJIABHMX HMYHCKUX epeKTopckux henuja
CIICIIMjaJIN30BaHUX 3a OJpKaBame U peryinamnujy xomeocraze y [IHC-y. hemuje mukpormuje
guHe TpBY JmHHj)Y oxbOpane y LIHC-y, roe obGaBasbajy OpojHe (yHKIMje Kao MTO CY
yKkinamame henujckor aedpuca ¢GaronuTo3oM U eIMMHHALMja TAaTOreHa, a CBE Yy IMHJbY
oJpkaBamby UMYHCKe Xomeocrase. [lopexn Tora, henuje mukpornuje yruay Ha passoj LIHC-a
Kao M OJIP’KaBamke XOMEOCTa3e Kpo3 OJIMCKY MHTEPAKIUjy ca OPYTHM TIUjaTHUM henmujama
npucytauM y ITHC-y, ykibyuayjyhu u HeypoHcke henuje, actporure u oauroacHaporure [41,
42]. Ha mecty uHpnamanmje, onHocHo y jesujama y IIHC-y, y oAroBopy Ha pazinuute
cTuMyiyce, henuje MUKpoOriije MpoayKyjy npo-uH¢piaaMaTopHe UTOKMHE Kao mTo cy TNF-
a, IFN-y, IL-18, IL-6, xao u mpo-uHdiamMmatopHe MeanjaTope, yKbydyjyhu peakTHBHE 00JIMKe
kuceonnka (POK) u asor-monokcun (NO) [41]. [ducperynammja OBUX Mpolieca MOXKE
u3za3Batu XpoHuuHy wuHGpnamanujy y IHHC-y, mTo je KapakTepucTMKa MHOTHUX
HEYPOJIOLIKKX/HEeypoIereHpaTUBHUX OojiecTH, ykbydyjyhu u MC-y [3, 43]. Hamme,
npekoMepHo  ocliobahame mnpo-uHdIaMaTOpHUX MeaujaTopa yciiel HEKOHTPOJIUCaHE
akTuBauuje hemuja Mukporiauje AoBoAu A0 HapymaBawa KMb-e, mro onakmasa
uHbuITpauujy umynckux hemuja y ITHC, yksbyuyjyhu T-hemuje (CD4+ u CD8™), B-henuje,
MoHouuTe, Makpodare u aenapurcke hemuje [44]. Ce Behm Opoj momaraka mokasyje jaa
HEypOMH(IJIaMaTOPHU MPOILIECH UTPajy KJbYUHY YJIOTY y Pa3BOjy pa3iMuUTUX [ATOJIOTH]a
I[THC-a [43, 45]. OBu mpollecd Cy WHHIIMjAIHO HW3a3BaHH WU3MEHCHUM HIIM HEaICKBATHUM
UMYHCKAM  OATOBOPOM, IMOCPEIOBAHUM  PA3IMUUTHUM HUHQPIUTPUPAHUM TepupepHuM
UMYHCKHM henujama, kao u pesugeHTHIM uMyHckuM henujama [{THC-a [3]. C 063upom na cy,

Kao mTo je Beh HaBeAeHO, henrje MHUKpPOINMje pe3uJeHTHA MOIyJaluja CrelnnjaTn30BaHuX
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Makpopara y [JHC-y, one Takohe kao u makpodaru Ban [[HC-a mory 6utu M1 u M2 Tumna.
VY ne3ujama koj mnamujeHata ca MC-oM MOKa3aHO je HPHUCYCTBO M HHTEPMEIHjapHOT
¢deHoTumna Mukporiauje koju excipumupa CD40, CD74, CD86 u CCL22 [14, 46]. Y EAE-y,
aHuMaiiHoM mozeny MC-e kox Muiia, yrBpheHa je U mpomena nonapusanuje ogq M1 ka M2
(beHoTHITY KOja je HeomxojaHa 3a epUKACHY pEeMHjeIMHHM3AIM]y U OrmopaBak HeypoHa [14].
Kopucrehn xuBotumcku Mmozen MC-e, EAE, pasnuuumre cTyauje Ccy IoKazajie jaa je
NpEeKOMEepHa aKkTUBaluja heiamja MHKpOIIUje JoBena 10 noropmama cumnroma EAE-a [8,
47]. C npyre crpane, 300or aBoctpyke yiore hemuja mukporiuje y IIHC-y u muxoBor
HEYpPOIIPOTEKTUBHOT JIEjCTBA, Takole je Ha3HAYeHO J1a MUKPOTJIHja YYECTBYje y IpolecuMma
peMUjeNMHM3alNje U HEYypOTreHe3e, ITO JOBOAM 0 CMambemha KIMHUUKUX MaHH(ecTanuja u
cMmamene nporpecuje EAE-a [14, 41]. OBu Hana3u cyrepuiny Ja MOJIyJaluja aKTHBAIIUje
MUKPOTJIMje MOXE YTHIIATH HAa TOK OOJECTH W JIOBECTH JIO OpKe HeypopercHepaiuje u

OIIOpaBKa.

1.3.9 Jenapurcke heauje

300r criocoOHOCTH NeHApUTCKUX henuja na aktuBupajy HauBHe T-henuje, one urpajy
BakHy yuory y natodusuoioruju MC-e [14, 48]. Ose henuje cy npodecronanne AITH umja
je ynora oOpaja U Mpe3eHTOBakE MEeNTHIHUX eMuToIa y KoMIuiekcy ca mojekyiaruma MHC |
wm MHC Il nma noBpmmuu henuja, mTo y3 oxarosapajyhy KocTUMyJnamnwjy AOBOIU O
akTuBanuje ayro-peaktuBHUX CD4+ wmm CD8+ T-hemmja cmenmduunnx 3a enwurore
myjenuHa. Hakon aktuBanuje ayro-peaktuBHux CD4+ win CD8+ T-henuja u nmpoaykiuje
npo-uHpaamatopHux LUTOKMHA, T-henuje mponaze kpo3 KMb-y y IHHC, rme ce name
aKTUBHpAjy U JOBOJE A0 JeMujenrHu3anyje u omrehema Heypona. Kox namnujenara ca MC-
OM, TOKa3aHa j€ BHUCOKA 3aCTYIJbEHOCT JeHApUTCKux hemuja y nesujama, LCT-u u
LUPKYJIalUju, Ka0 ¥ BUCOKM HHMBOM NpO-MH(IaMaTOpHUX LUTOKMHA ykJbyuyjyhu TNF-a,
IFN-y u IL-6 [14]. ITopen Tora, kox namnujeHara y PPMC u CIIMC ¢a3u mnokaszana je u
noehana ekcrpecuja koctumynatopaux Mojekyna (CD40 u CD80) nHa meHapuTCKUM

henujama, mITO yKa3yje Ha BUXOBY YJIOTY y HeypouH(piamanuju u narorenesn MC-e [14].

1.3.10 Cynpecopcke hesuje MujesiouHOT MOpeKJIa

Cymnpecopcke henuje mujenouanor (enri. Myeloid-derived suppressor cells, MDSC)
MOpeKya MOTUYY M3 HCTE JMHHUJe Kao W Makpodarw, AeHApuTcke henwje m HeyTpoduiu.
Melhyrum, 3a pasnuky oja Makpodara, IeHAPUTCKUX henmuja m Heyrpodwmiaa, MDSC
UCI0JhaBA]y UMYHO-CYIIPECOPCKE KApPAKTEPUCTUKE U UTPajy BaXKHY YJOTY Y pa3Bojy Tymopa
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1 XpoHn4Hoj uHbpmamanuju [14]. IMyHO-CynpecuBHH OAroBOp OBHMX hejMja 3aCHHBA ce Ha
BUXOBO] CIIOCOOHOCTH Ja CEKpeTyjy ojpeheHe HMHXHOUTOpHE eH3uMe (Kao INTO CYy
WHIONAMUH 2,3-IMOKCUTEHAa3a, apruHa3a-l u WHAYNHOWIHA a30T-OKCHJl CHHTa3a) Kao H
antu-uH¢uamaropun urokua IL-10 [49]. Ha oBaj waumn, MDSC mnpomoBumry anTH-
nHdamaropau Th2 henujcku oarosop. Y jemHom uctpaxkubamy, MDSC cy nzomoBane u3
KnuMeHe MoxauHe mumeBa ca EAE-om u ko-kyntuBucane cy ca T henmjama cresuHe
crumynucanuM antu-CD3/CD28 anturenom. MDSC cy uHayKoBaie anonTo3y aKTUBUPAHUX
T-henuja u cnpeunsie pa3Boj KIMHUYKUX CUMITOMA, IITO yKaszyje Ha BaxHy yinory MDSC y
KOHTPOJIM MH(IaMaTOPHUX OATOBOpa, Ka0 M HUXOBY MOTEHIHjaJIHY MPUMEHY Y TEpamuju
nanujeHara ca MC-om [50]. ITopen Tora, mocToje W KOHTPAJMKTOPHA 3amakara TIe je
nokazano na MDSC mory npomoBucatu u Thl7 MMyHCKH OATOBOP W JOTNPUHETH Pa3BOjy
EAE-a [51]. OBe cryauje ykasyjy Ha aBoctpyky yiaory MDSC koja 3aBucu on tuna MDSC,
kao u ox (aze Oomectu. OppkaBame paBHOTEKE H3Mehy Mpo- W aHTU-WHEIAMATOPHOT
MMYHCKOT' OJITOBOpA je O/ KpyLHjaHe BaXHOCTU 3a yCHOCTaBJbambe xomeocTaze y LIHC-y.
HWaxo jom yBek HHje cacBUM jacHO J1a Jiu je kox nanujenara ca MC-om ciocoonoct MDSC na
MHXUOWpAjy aKTHUBallMjy ayTopeakTWBHUX T-henmuja HapymieHa CMameHHUM OpojeM WM
U3MEHEHOM (YHKIIM]jOM, HCIHUTHBAaKkE YyTHIaja OBUX henuja Ha aKTUBALM]y AaHTHU-
nH(IaMaTOPHOT OJIrOBOpa Morjia Ou OUTH jeiHa Off CTpaTeryja 3a pa3Boj HOBUX TeparneyTuka

3a Tpetman MC [14].

1.4 3nayaj MUKPOOMOTE LPeBa Y MYJITHILIOj CKJIEPO3HU

Tacrpountectunanan tpakt (TUT) mym xomormsyje no 10™ hemmja pasmuanrix
MHUKpOOpranusama, ykipydyjyhu Oakrtepuje, apxeje, HmpoTo30€, IJbMBHIIE M Bupyce. Y
yCJIOBHMa XOMEOCTa3e, OBU MHKPOOPTaHM3MH JONPUHOCE OJpXKaBamwy MOKPETJHUBOCTU U
NepMeadMIIHOCTH 1IpeBa; CIpedaBajy KOJOHM3AlM]y LpeBa NaTOreHHMa; YYECTBY]Y ¥y
Mpou3BokbM BUTaMuHa (ButamuHu be u K rpyne); npomoBuily ¢yHKIMje enuTena 1pesa,
Kao IITO Cy afcopmiifja U CeKpelyja u yTUuy Ha MPaBUIIHO ca3peBame MMYHCKUX henuja u
oJpKaBambe UMyHCKe XomeocTtase [52-54]. MukpoOroTa 1peBa npeacTaBiba KIbYUHH (aKkToOp
y aKTHUBallMju W perynanvju ¢(yHKIHja ypoheHOT W aJanTHUBHOT HMMYHCKOT OJTrOBOpa.
Hekonuko henujckux Tumosa ypoheHOT HMYHCKOT CHUCTEMa KOj€ Y4eCTBY]Y y Mpe3eHTaluju
aHTUIeHa pearyjy Ha MHKpoOHe cTuMyiyce noBehambeM NpPOU3BOIBE CHEUPHUUHUX
UTOKMHA W XeMokuHa. OBu hemujcku THmoBum yxibywyjy: (1) nenaputcke henmuje u

Makpodare Koju 4YMHE NpPBY JIMHU]Y OAOpaHE M YYECTBY]y Y MOJYyJalUju aJarTUBHOT
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HMYHCKOT ojroBopa (mpoaykija pro-1L-15); (2) MAIT henuje koje ce Hamasze y MyKO3HOM
TKUBY, M TPOAYKY]y pa3iInuuTe Npo-uHQamaropHe IuToKuHEe, Kao mTo cy IL-17, IFN-y,
TNF-a, xao u rpan3um b; (3) NK henuje xoje nponykyjy uutokune (I1L-4, IL-13 u IFN-y) u
npomoBHIty nponykuujy xemokunHa CXCL16 ox crpane enutennux henwmja [54]. Ypohenu
MMYHCKHU OJI'OBOpP y LIPEBMMA je KJbYUYaH 3a OJlp’KaBame eruTesHe Oapujepe, Nperno3HaBambe
U TOJIEPAHLU]y KOMEHCATHUX MUKpOOpraHu3ama, npyxamme Op3e U HecneruduuHe ox0paHe,
Kao u peryaucame wuH(paamanuje [55]. Mukpobuora mnpeBa Takohe ydecTByje M Yy
MOJyJallMjyi aJanTUBHOT UMYHCKOT oAroBopa. McTpaxuBama cy mokaszajia ga MHUKpoOuoTa
L[pEBa MOXKE J1a MOJYJIMILIE UMYHCKH OAroBOp nomahuHa Mewajyhu paBHOTEexy u3mely mnpo-
unduamaropuor (Thl w Thil7) u antu-undiaamaropHor tuna T-henuja (Th2 u perynaropHe
T-henuje). T momohuuuke Th17 henuje cy Beoma 3acTyIlsbeHE y IpEeBUMA, TJe MPOAYKY]Y
nuTokrHEe Kao mTo cy IL-17A, IL-17F u IL-22 xoju ydecTByjy y mpouecuma nH(IaMaImje.
Taxohe, moka3aHo je Ja je 3acTylJbeHOCT perynatopHux T-hemmja muoro Beha y TUT-y y
OJIHOCY Ha ocTayia TKuBa. Baxxny ynory y ondpanu ox natoreHa y 'UT-y umajy u b-henuje,
3axBasbyjyhu npoaykuuju IgA [54].

CacraB ,,HopMaJIHE MUKPOOHOTE jOII YBEK HUje aeuHHCAaH 300T CII0)KEHOCTH OBOT
exocuctema. Mnak, nopehemem cacraBa MUKpoOHOTE MalyjeHara u 37paBux yTBpheHo je na
MI0CTOj€ pa3iMKe, a CacTaB MUKPOOMOTE KOjH je MoBe3aH ca Oojenrhy ce Ha3uBa 1U30HM030M.
MukpobroTa y Au30M031 TUPEKTHO MOIYJIHINY HMYHCKH OJrOBOP M CTOra ()yHAaMEHTAITHO
JONPUHOCH Pa3Bojy pa3imuutux MH(IaMaTopHux Oonectu [56]. OHO mTO je HajBaXkHH]E,
MO0Ka3aHo je J1a MeTaboIUTH MUKpOoOnoTe IipeBa yTuuy U Ha nepmeabminoct KMb-e u camum
UM Ha xoMeocrta3y y [IHC-y (cnuka 2) [57, 58]. Iubuno3a Moxe na MHAYKYje HHpIAMAIIH]y
y IpeBHMa, Koja Ce KapaKTepHIle MpoMeHaMa y MMYHCKoj Oapujepu y lamina propria-u u
auM(pHOM TKHBY acomupaHoMm ca myko3oMm (eurs. Gut-associated lymphoid tissue, GALT).
Jenan o 3HayajHUX (QakTOpa HMMYHCKE aKTHBallMje TOPEKJIOM M3 MHUKpPOOHOTE je
munononucaxapua (JIIIC) koju je rpaauBHa KoMnoHeHTa henujckor 3unaa rpam (-) 6akrepuja,
U KOJU je OATOBOpaH 3a Mpo-uH(pIAMaTOpPHY akTHBAIM]y y MyKO3W IpeBa. Jlama
tpaHcnokanuja JIIIC-a u apyrux GakTepHjcKMX KOMIIOHEHTH, Kao U ULeNux Oakrepuja y
nyOibe clojeBe 3uia IpeBa U JIOKAIHE CeKyHJIapHe JUMQHE opraHe, UHAYKYje
mudepeHnrjanyjy u aktuBanujy mupkynumyhux T-henmja. OBe cucteMcke mpoMeHe Takohe
koMipoMutyjy u uHterpurer KMb-e u Ha Taj HauuH omoryhaBajy npo-uH(pIaMaTopHUM

Menujaropuma jga mnpohy kpoz KMb-y u yhy y HHHC, roe mame yrtudy Ha akTUBaIujy
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MIMjaTHAX henrja, Kao MITO Cy MUKPOTJMja U acTPOLMTH, W HA Taj] HAYMH TPOMOBHIITY

Heypoungamanujy y [IHC-y [54].
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Cauka 2. Oca M03aK — TaCTPOMHTECTHHAIHH TPAKT.
VYrunaj nu3ouo3e y npeuma Ha (yHKIH]Y UMYHCKOT' CUCTEMa U TIpoliece HeypouHQiamaiuje y

mo3ry. 'UT (racrpountectunaiuu Tpakt); KMb (kpBHO-MOX1aHa Oapujepa).

bpojue crymmje cy mokazane ga au3Ouo3a y I[peBUMa Wrpa 3HAYAjHY YIOTY Y
pa3nuuUTUM HeypouH(paamaTopHUM Oosnectuma ykibydyjyhu u MC-y, mTo je nmokaszaHo u 'y
KHUBOTHELCKOM Mozeny EAE-y [59]. Haume, mokasano je aa ,,germfree “ mumiesu (MumieBu
rajeHd y KOHTPOJHMCAHUM YCJIOBHMA, Y OJICYCTBY MHKPOOpTaHH3aMa) HHUCY Pa3BHIIHN TEXKaK
o6muk EAE-a, mto ykasyje Ha 3Ha4a] MUKpOOHOTE y MPOIECHMa HHAYKIIH]jE U MPOTpecHuje
6onectu [60]. Takohe, kox germfree >k HBOTHICKUX Mojieia IpuMeneH je U HIKH HUBO TPO-

uHpnamatopaux nutokuHa IFN-y u IL-174 y npeBumMa M y KMUMEHO] MOXIUHH, Kao H
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noschame y 6pojy CD4+ CD25" Foxp3" perynaroprux T-hemuja [61]. 3Hauaj MuxpoOuore
peBa y MMYHCKOM OAroBopy amoxaTHo je motBphen Ha momeny EAE koju ce mumykyje
amonTuBHUM TpaHcepom eHredamurorennx T-hemmja, rae je mokazaHo ga oBe henuje
MUTpUpajy y aebeno 1peBO u goBoae a0 pa3Boja EAE cummnroma [62]. Cmarpa ce na ce
yTUIajeM Ha OMOIUBEP3UTET MUKPOOHOTE I[peBa MOXKE JONMPUHETH €(PUKACHHU]O] KOHTPOJIHU
umyHormnaronomkux nporeca y MC-u [63]. CTynuje Ha )KUBOTHECKMM MOJIEITMMA [TOKa3aie
Cy Ja TIpOMEHa y cacTaBy MHKPOOHMOTE ILpeBa MOXE 3HA4ajHO MOJIYJHMCATH Mpolece
JCeMUjEIIMHU3AIIMje TIOCPEIOBAaHEe HeEaJeKBaTHUM HMMYHCKHM oxaroBopom [59]. Takobe,
3aHUMJBMBO j€ J1a je TIOKa3aHo Jla MojyJaiuja oonectu ¢pyHKIMoHuUIIe U Ha HUBoy GALT-a n
Jla jeé UMYHCKH CUCTEM IipeBa Kiby4aH y peryiauujy EAE-a. ¥V jenHoj cTtyauju, mokasaHo je
na MDSC, nudepenuupane y npucyctBy npocrarianauna (PGE2), murpupajy y nenose
MMYHCKOT cucTeMa mnpuapyxenux Ipesuma (IlejepoBe 1uioue W Me3eHTEpUYHE TUMQHE
YBOpOBE) M YTHUYy Ha CMamele IMPOMEHa Y cacTaBy MHKpOOMOTE IpeBa H3a3BaHHX
unnyknujom EAE-a [64]. TIpomene y cacTaBy MUKpOOHOTE I[peBa I0BOJIE U 110 mopemehaja y
MPOAYKIHUjH PAa3IMYUTAX METa0OMUTa KOjU MMajy KJbYUHY YIOTY y peryjaluju UMYHCKOT
OJIrOBOpa y IpeBHUMA, YKJbY4dyjyhW KpaTKojaHuaHEe MacHE KHCEJIHHE, CEKyHJapHE Ky4He
KHCENIMHEe, He3acuheHe MacHe KucendHe W Mertabomute Tpunrodana [60, 65]. Haumme,
MOKa3aJIo ce Jja KpaTKoJaHYaHe MacHe KUCEJIMHE Kao IITO Cy MPOMHUOHAT U OyTHpaT, Urpajy
BaXHY YJIOTY y peryjialyju Npo- W aHTU-HH(]IAMaTOPHOT MMYHCKOT onaroBopa. Hbuxosa
MMyHOMOIyJIaTOpHa (DYHKIMja Oryiefila ce y CIOCOOHOCTH Ja yTU4uy Ha JudepeHnujarujy
HauBHUX CD4+ T-henmja y perynaropHe T-hemuje u ctora JUPEKTHO yTHYY Ha OJHOC
usmelly Thl, Thl7 u perynatopuux T-henmuja Koju MpeACTaB/ba KIbYYHH EIIEMEHT KOJ
HMYHCKH TIOCpeI0BaHuX 0ojecty, kao 1mro je MC [60, 61]. Heku ox MmeTabonuTa Kao mro ¢y
p-Kpe3oa cyidat, uHaokcui cyiadat u N-peHunaneTmiriyraMud (MeTabonuTu TpunrodaHa
U (eHWIaNlaHuHA) O3HAUEHH Cy Kao HEYPOTOKCHUYHU MEIUjaTOpH KOjU MOCpenyjy y
KOMYHHUKaIju u3Mel)y npesa u Mmo3ra koa obonenux oq MC-e [66]. [Ipomene y npoaykiuju
OBUX MOJIEKYyJia MOTY JIOBECTH 110 Topemehaja y perynainuju IMyHCKOT OJTrOBOpa W 3HATHO
yTUIaTH Ha Tporece matorenese y MC-u. Y cuydajy MC-e, nporpecuju 0ojiecTd MOXKe
JIONPUHETH CMameH Opoj WM HeajaekBaTHa (QyHKIMja peryiraropHux T-hemmja [61].
PazymeBame ytuiaja Mukpobuore 1pesa Ha pyHknujy T-henuja u umyHonatorenesy y MC-
¥ je ox Benwkor 3Hayaja jep wHbwirpauuja Thl wu Thi7 CD4+ T-hemmja y IHC-y

MIPECTaBIba jeIHY OJ1 IJIaBHUX KapakTtepuctuka MC-e [65, 67].
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1.5 ExcnepuMeHTAJHU AYTOMMYHCKHU eHle(aJTOMMjeTuTHC

ExcnepuMeHTanHu ayTOMMYHCKHM €HIE(AJIOMUJEIUTUC MpeACTaBba JeJaH OJf
Hajuenthe kopumrheHUX KUBOTHECKUX Monena MC-e, Koju ce KapakTepuile KIMHUYKUM H
NATOJIOMIKKM TpouecuMma crneuupuyauMm 3a MC-y, Kao IITO Cy JeMHjelMHH3AIMja |
uHbmITpanrja pa3nuunTHx umyHckux hemawja y [IHC [68, 69]. Monen EAE-a ce moxe ce
YCIIOCTaBUTH Ha JiBa HauuHa. [IpBM HauuH IpeicTaB/ba aKTUBHY MMYHM3allM]y IPOTEUHOM
nopekioMm u3 mujenuna (kao mro je MBI, MOI' unu IIJIIT) y koMOuHaIMju ca ajjyBaHCOM —
0aKTepHjCKOM KOMITOHCHTOM KOja TIPOMOBHINIEC aKTHBAIH]y ypOohEeHOTr MMYHCKOT OJIrOBOpa
[70]. Mosnekyscku obpaci moBe3anu ca natoreHoM (enrs. Pathogen associated molecular
patterns, PAMPS) nopekiom ox MukpoOHux kommoHentu (Hmp. Mycobacterium tuberculosis
WHAKTHBHpAHA TOIUIOTOM) aKTUBUPAjy CUTHAIHE IyTeBEe YpOlEHOT UMYHCKOT OATrOBOpPa, Kao
n T-henwmja, HapymaBajyhu MMyHCKY ToJiepaHIly M Ha Taj HauWH MOKpehy ayTOMMyHCKH
onropop y HHC-y. [pyru nHaumn 3a unaykuujy EAE je macuBHH MpEeHOC aKTUBUPAHUX
CD4+ T numdonurta cnenn@uuHUX 32 MUjEIUH. Y 3aBUCHOCTH OJ1 IPOTOKOJa UMyHH3AIIH]e
U coja MUIIeBa/marnoBa koju ce kopucte, EAE Moxe monpuMuTH aKyTHHU, MPOTPECHBHU
XPOHUYHH WK pellanicHO-peMuTeHTHH TOK Oosiectr [68]. EAE je n1006po ycTtaHOB/bEH MOJIEIN
KOJU C€ y BEJIMKO] MepU MpHUMElmYyje y MNPEeKIMHUYKUM HCTPAXKHUBabUMa HaMEHEHUM
uctpaxuparwy MC-e. 3axBasbyjyhu EAE Mozeny, pa3BHjeHH cy TepamneyTHLHU 3a JieUeHe
MC-e kao mro cy rmatupamep arerat u Natalizumab [71]. Mako je HEKOIHMKO TECTHPaHUX
TpeTMaHa ycnemHo npeseneHo ca EAE moznena na nmanujente ca MC-oM, nocroje u MHOTa
orpaHuuema oBor Mojnena. Ha mpumep, mpumena IFN-y u TNF-a je cmamwuna/cnipeunna
KIMHUYKe MaHu(ecTauuje u mporpecujy Oonectu y EAE moxmeny, amm je nosena 1o
noropmama MC kox mamujeHara [71]. Haume, ycnen KOMIDIEKCHOT TOKa OOJIECTH, Kao M
IIUPOKOT CHEKTpa CUMIIOTOMA W KIMHUYKMX MaHu(ecranuja, paznuke usmelhy EAE kao
KHUBOTHELCKOT Mojiesia MC-e u manujenta ca MC-om mocToje Ha Buiire HuBoa: (1) pasiuke y
ypo)eHOM M aJanTHBHOM HMYHCKOM OJrOBOPY YyCJel €BOJYLHMOHE YyIaJbeHOCTH u3Mely
riojapa u 4oseka; (2) pasnuke y cojeBuma — EAE Monenu riogapa o0yxBarajy orpaHudeH
Opoj TEHETHYKU XOMOTE€HUX COjeBa MHUIIEBA WM IalloBa, KOJU Ce y3rajajy y creuupuyHuM
ycloBMMa My o7ACycTBY matorena (euri. specified pathogen free, SPF) koju omoryhasajy
KOHTpOJy YTHIaja >KHUBOTHE cpeauHe; (3) MMYHCKU CHUCTEM TaKBUX COjeBa HHUje HU3JI0XKEH
(dakToprMa KMBOTHE CpeIMHE KOjU yTUUY U OOJIMKY]y UMYHCKU cucteM 4doBeka; (4) MC ce
KOJl JbyIHu pa3BHja cnoHTaHo, N0k EAE wmHmykmuja moapa3ymeBa BemITayKy MpPOLETYPY,
pPUMEHY ayTOaHTUTEeHa y KOMOMHAIMjU ca oaroBapajyhum OakrepujckuM ajjyBancuma [69].
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Nmynonaranomke Mexanusme y kimacuayHoMm mogneny EAE kapakrepume npucyctBo 7Thl
henuja xoje nmpousBomae IFN-y u Thil7 henuje koje nmpoussone IL-174 [69]. EAE kox riomapa
KOjU j€ WHIYKOBaH WHJEKTOBAEM EMYJI3Uj€ MHJEIMHCKOT AaHTUTE€HA Yy KOMIUIETHOM
@®pojHI0BOM a/jyBaHCY JOBOAM JI0 Pa3BOja PA3IMYMTUX KAapaKTEPUCTHKA CHEIM(PUUHHX 3a
MC. VY oBom moxpeny, Thl w Thl7 henuje Koje Cy akTHUBUpaHe Ha mepudepuju, ce
tpanciouupajy y IIHC, mto je mponpaheno nepmeadbunuzanujom KMb-e. Tlo ymacky y ITHC
ycaen napymene KMb-e, T-henmwje ce peakTuBHpajy JOKaJIHUM W HHQUITPUPAHUM
aktuBupanuMm AITR, mrTo pe3yntupa akTuBanujoM WH(IAMATOPHE KacKaae M Ha Kpajy
JIeMHjeIMHA3ajoM u omTehemrMa akcoHa, OJHOCHO Heyponerenepanujom [71]. Tlopen
TOra, MOCTOje jacHe pa3nuke y cactaBy T henujckux unduntpara y nesujama koa EAE
KUBOTHIbA Y OIHOCY Ha manujente ca MC-om. Y moxeny EAE-a npenomunantae cy CD4+
T-henuje, nok cy 3a ne3mje koja namujeHara ca MC-om kapakrepuctuane CD8+ T-hemuje
[69].

1.6 Tepanujcku NpUCTYNH y TPeTMaHy MYJITHILIE CKJIepo3e

Tpenyrre Tepanuje 3a MC-y nozpazymeBajy AyropouHy ymotpely jekoBa (Kao MTo
CY KOPTUKOCTEPOUIHN U JIPCHOKOPTUKOTPOITHI XOPMOHH) KOjH AYTOPOYHO MOTY JIOBECTH JI0
CynpuMupama (QyHKIUje HUMYHCKOT CHCTeMa, IITO JOBOAM A0 MoBehaHor pusuka on
paznuuuTHX MH(pEKIUja, au 1 nojase Tymopa [72]. AntepHatuBHH npucTyu Jedewa MC-e
3aCHMBAJy C€ Ha Tepamnujama Koje e(UKacCHO MOAYJIHUIIY MMYHCKH OITOBOp — CIIpE4YaBajy
HEeaJIeKBaTHY aKTUBALIM]y Pa3IM4YUTHUX henMja UMYHCKOT cHCTeMa M MHIYKY]y TOJIEpaHIly Ha
COINICTBeHE aHTureHe. [IprMeHa OBaKBUX TepanMjCKUX MOAAIUTETa MOXKE JIOBECTH [0
MIOHOBHOI' yCIIOCTaBJ/bakhba HMMYHCKE XOMEOCTa3e W CaMUM THM YyOIaXHUTH/CIIPEUUTH
nporpecujy 6onectu. Ha taj HaunH, Moryhe je 06e30e1uTH 1yropoyHy HEYpPOIPOTEKTIH]Y, a
HE CaMo KpakTOpajHO mMobOoJspiiame cumnroma. Jlo nanac, AMepudYka ynpaBa 3a XpaHy H
nekoBe (eurn. U.S. Food and Drug Administration, FDA) je omoOpuia HEKOJIHKO
TepaneyThka 3a TpetMan PPMC-e, 3a koje je Mmoka3aHO Ja MOBOJFHO YTUYY HA CMAabEHe
ne3uja u omtehema HeypoHa kapakrepuctuunux y MC [73]. EdwuxacHo aejcTBO oBako
JTM3aJHUPAHMX JIEKOBA 3aCHUBA CE HA (bUXOBOM YTHIIA]y Ha oaroapajyhe momnekyne u henuje
MMYHCKOT CHCTeMa KOjU Y4YecTBYyjy y mporpecuju Oonectu. OBH JIEKOBH YKIbYUY]y:
Alemtuzumab (cmamyje Opoj mumdorura), Daclizumab (6moxupa peuentop 3a IL-2),
Dimetilfumarat (komOuHyje KapaKTepHCTHKE HMYHOMOJIYJIATOPHOI M HMMYHOCYIPECHBHOT

nenosama), Fingolimod (Momynmmie cucrem penentopa 3a cunro3un), Natalizumab
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(a"nTaronuct o4-wHTETpHMHA, WHXUOWpA MUTpALA]y, pPacT W TpeKHBajbaBamke henrja) u
Teriflunomid (uaxubupa aktuBupane T u b-henuje). Takohe, ka0 UMYHOMYIAITOPHU arcHC
kopuctH ce u |IFN- koju ogpxkaBa paBHOTEXKY y €KCIIPECHjU MPO- U aHTH-WH(PIaAMATOPHUX
UTOKMHA Y MO3TY U cMamyje Opoj mHpuamaropuux henmja xoje mpomnaze KMb-y. Tlopen
Tora, rnmokaszano je na IFN-f yruue u Ha cmamemwe nonynanuje 7417 henuja u nurtokuna 1L-17
3a KOje je TI03HATO Ja Cy yKJby4eHHu y naroreHesy MC-e. IMyHOMOyIaTOpHU areHCH KOjH
ce kopucre y tepanuju MC-e cy u kononumep enamupamep ayemam (MHXUOUpA BE3UBAE
MbII-a 3a MHC Il monekyne na moBpmmuu AITR), azamuonpun wu yuxnogocpamuo
(maxubupajy JIHK cunTesy). Mako je riraBHa yjiora IMyHOMOYJIaTOPHHUX JICKOBA ITPOMOILIH]ja
aHTHU-UH(IAMATOPHOI UMYHCKOT oAroopa y (asu penanca MC-e, nemujenuHusanmja koja
JOBOJM 10 XpOHUYHOT omTehema HEypoHa M Jajbe ocTaje HepelleH npodiem y MC-u [73,
74]. BaxxHO je HANOMEHYTH Jla Cy YCJIeJ BeoMa KOMIUIEKCHHX M Pa3IMuUTHX KIMHUYKHX
MaHudecraiuja u Toka MC-e, 1 caMu TepanujcKl MPUCTYNHA KOMIUIEKCHH W Pa3HOBPCHU, a

pa3Boj HOBHX Tepalivja U J1aJjbe je MPeAMET UCTPAKUBAbA.

1.7 be BUTAMHHHU Ka0 MMYHOMOAYJIATOPH

HMimyHOMOyTaTOpH TPEACTaBIbajy OMOJIONIKA WIIM CHHTETUYKA jeIHbEHha KOja MOTY
Ja CTUMYJUILY, MHXUOMpA]y WM PETYJIMIIY pa3Id4yuTe KOMIIOHEHTe MMYHCKOI CHCTEMa.
IIpema nejcTBy, MOry ce KIacu(UKOBATH y JBE IVIaBHE KaTeropuje: MMyHOCTUMYJATOpHA U
MMYHOCYTIpECBHA cpeicTBa. VIMyHOMOIynaTopu ce MNpuMemyjy Yy Tepanuju MHOTHUX
UMYyHCKHUX nopemehaja, ykibydyjyhu ayToumyHcKa M HeypoJolka 000ossema. OBH JIEKOBHU ce
OOMYHO MpHUMEHY]Y Y KOMOMHALM]U ca JIpYTMM CTaHIapAHUM JIEKOBUMA U TakKo JOIPHUHOCE
edukacHujoj KOHTponM (QyHKIMje HMyHCKOr cucrema [75]. 3axBabyjyhu cBojuM
MHOroOpojHUM (yHKIMjaMa U ydyemheM y HHTEPAaKIMjU Ca PA3TUUYUTHM KOMIIOHEHTama
MMYHCKOT CHCT€Ma, MHOTM BHUTaMHHHU HCIIOJbaBa)y MMYHOMOIYJIATOPHE KapaKTEPCTHKE.
ButamuHu cy eceHIMjaJlHU MHUKPOHYTPHJEHTH KOJU WIpajy KJbYUHY YJIOTY Yy MHOTUM
(bU3MONIOMIKUM U OMOXEMH]CKUM peakldjaMa. To Cy XeMHUjCKU XeTeporeHa Irpymna jeIumbernha
KOj€ YOBEK HE CHMHTETHUINIE a KOjU Cy HEONXOJHHU 33 HOPMAJIHO OJBHjarme METabOIMYKHX
mpoueca 4voBeka. OHM KMajy BeoMa paziauuure (QyHKIUje, AeNnyjy Kao KOEH3UMH U
kodakTopu y OpojHMM  mpolecuMma, yKJbydyjyhum — eHepreTrcku  MeTaboiu3am,
AHTUOKCHUIATHBHY 3allITUTY, HEYpOJIOmKe (pyHKIMje W UMYHCKH oAroop [76]. Buramuuun
rpyne be mpumagajy rpynu BUTaMHHA pPACTBOPJBMBHX y BOAM KOJU Cy OJ CYIITHHCKOT

3HayYaja y mporecuMa go0ujama eHepriuje W YUYEeCTBY]Y Y MeTaboIu3aMy yribeHUX XUApata,
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MPOTEHHA M JINITK/Ia KA0 KOCH3UMH Y pPeryJalliji MHOTHX €H3MMCKHX peaKirja. YBEIHKO je
MO3HATO JIa BUTAMHHU TIpyrie be MoBoJbHO yTHUY Ha Mpollece HeypopereHepaiyje, a JaHac je
CBE BUIIIC CTYy/HW]ja YHjH je MPEAMET UCTpaXKUBama Beza u3Mmely HemocraTka BuTamuHa be u
pa3Boja pazIMUUTHX HEYpOJereHEpaTUBHUX cTama, YKJbydyjyhu u MC-y. Takohe, nokazano
je Aa MUKpoOHOTa IpeBa MPOyKyje U KOpUCTH BUTaMUHEe be komIuiekca kao kodakrope y
OpOjHUM METa0OJIMYKAM ITYTEBHMA, IITO WX YUHH JCTHUM OJ BaXXHHX YWHWIANA Y
peryaucamy XOMeocTa3e MUKpOOHOTe LipeBa. Y Cilel Tora, M3MEHhEeH MeTadoIn3aM BUTaMUHA
be moxe OuTh moBe3aH W ca AU30MO30M, y3pokyjyhu mopemehaj mmyHcke xomeocTase U
MOCJICIMYHY KOJIOHHM3AllMjy IIpeBa MATOICHUM COjeBHMa, KOjU JMPEKTHO YTUYYy Ha
perynanyjy UMyHCKOT oAroBopa y upesuma [76, 77]. OHO mTO je HajBaKHHjE, BUTAMUHH
rpyne be mpexacraspajy MmohHe MomynaTope MMYHCKOT OAroBopa M (DyHIAMEHTAIHU Cy Y
OJIpKaBarmy IMPABUJIHOT pa3Boja M (yHKIMOHHUCama HepBHOr cucrema [75]. Kao mro je
NpHKa3aHo Ha ciaunu 3, be BUTAMHMHU WUCMOJbaBajy MHOT€ MMYHOMOJYJIATOpHE (QYHKIIH]E,
IITO MX YAHHU BOXHUM YHMHUOIIMMA Y PEryJIalliju KIMYHCKOT OJIFOBOPA U OJIpXKaBamkby HMYHCKE

XOoMEocCTase.
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I[Mpey3eto u moxudukoBano u3 [75].

Butamuu Bel (Tnamun) uma yiory kodakTopa 3a HEKOJUKO €H3MMa U HEOIXO/IaH je
3a CHHTE3y HYKJIEHWHCKUX KHCEIHHA, MACHUX KHCEITWHA, CTepOuJa M apOMATHYHUX aMUHO
kucenuHa. Takole, ButamuH bel mma 3HauajHy YJIOTy Y €HEPreTCKOM MeTabonu3My u
¢byukuuju uMmyHckux hemuja [75]. TuamMuH ucnosbaBa aHTH-OKCHIATHBHA JICjCTBA U HA Taj
HAUYMH MHXUOWpa akTuBaIujy HykiaeapHor ¢akrtopa kB (emrm. Nuclear factor kappa light
chain enhancer of activated B cells, NF-xB) mocpenoBaHy OKCHIATHBHHM CTPECOM H
MOCIEANYHO HHXHOUpa MPOAYKIH]y NpO-UHQPIAMATOPHUX I[UTOKHHA Y Makpodaruma.
3axBasbyjyhu CBOjUM aHTH-OKHCHJIATHBHUM KapakTEPUCTHKaMa, THAMUH Takohe INTUTH

CYyAGXHUAPWIHE Tpyle MEMOpPaHCKHX IPOTEMHA KOJU C€ Haja3e Ha HEyTPpOPHIHMAa Of
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okcungatuBHOr omrehema. [lokazaHo je W 1a, MOCPENCTBOM HHTEPAKIMja ca UMYHCKHUM
henmmnjama, ButamuHn bel ydectByje y ocnobahamy HHTpalenyJapHOT aaxe3uBHOT MoJIeKyJa |
(enrn. Intercellular adhesion molecules, ICAM) u Ha Taj HaYMH Y4eCTBYje y peEryjucamy
murpamuje umyHckux hemuja [75, 77, 78]. Ilopex tora, ButamuH bel je HeonxonaH HAUBHUM
b-hennjama y IlejepoBumM miovyama 3a HacTaHak ajaeHO3UWH-TpUpochara u audepeHIrjanu]y
y ma3ma henuje Koje mpou3Bojie MyHOTIoOmMH IgA, Koju TIpeicTaBba KJbY9HH (DAKTOp y
OJIpKaBamky XOMeEOCTa3e MMyHCKOr cucrema y npeBuma [79, 80]. Hemocrarak ThamuHa je
MOBE3aH U ca mporecuMa HeypouHdiamanuje, uHpuiIrpanujom T-henuja U mpeKkoMepHOM
ekcrpecrjoM npo-uHdmamaropaux rmutokuHa (IL-1, IL-6 u TNF-«). ITopen Tora, nmokazaHno je
na nedunyjennyja tuamuHa nosehasa excnpecujy CD40 u CD40L on ctpane Mukporiuje u
actporuTa, u3asuBajyhu amonto3y Heypona [81]. Takohe, yrBpheno je ma GeHdoTHamuH
(CMHTETHYKM THaMWH) 3HAYajHO cMamyje uHGuamatopau oaroBop BV2 hemumja muxporimje
aktuBupanux JIIIC-om. bendoruamun je y BV2 henujma axtuupanum JIIIC-om cMamuo
eKcripecujy npo-uHpramatopHux menujaropa ykibydyjyhu NO, nukinookcureHaszy-2 (€HIIL.
Cyclooxygenase-2, COX-2), mpoteun TomotHor 1oka 70 (exrsi. Heat shock protein 70), IL-
6 u TNF-a, nok je nosehao npoaykuujy antu-unduamaropHor murokuna IL-10 [75, 82].
[IpenuMuHapHy Hala3u yKasyjy Ha MOTEHIHUjalHy Be3y u3Mmely nedunujeHuuje TmamMuHa U
ocehaja XpOHUYHOT yMOpa Kao jeIHOT O]l CUMITOMa KOjH je M3pa)KeH KOJ| MalHjeHara ca
MC-om. Haume, y jenHoj mumnot ctyauju, koa 15 ucnurannka ca MC-oMm y da3u pemucuje,
MprUMeHa BUCOKWX jgo03a tuamuHa (600 — 1500 mg/maH) noBenma je a0 perpecuje ymopa.
VYnpkoc BHCOKO] 1031 KopuitheHor THaMuHa (Ipenopy4yeHu JAHEBHU yHoc je 1,2 mg), Hucy
npujaBbeHn HexelbeHH edektu [83]. Hemocratak TuamMumHa [OBOJAM [0 H3MEH-CHOT
OKCHJQTHBHOT MeTa0o0JIM3Ma, IITO U3a3MBa HU3 CHMIITOMA KOjU Cy Takole KapaKTepUCTHIHH
n 3a MC-y, ka0 MTO Cy HUCIPIUBEHOCT/YMOpP, MoBehame OKCHIATUBHOI CTpeca, JIaKTaTHa
anuao3a, AUChYHKIMja acTpouuTa, Hapymasawe KMb-e, cMmameme HHBOa TIyKo3e Y
hennjama m xponmuna uHpnamanmja [84]. V mumjem momeny MC-e, EAE-y, Texuna
KJIMHWYKE CIIMKE je Ouiia ToropiiaHa KoJ THaMUH-AedUIIMjeHTHIX MUIIEBa, y nopehemy ca
KOHTpOJIHMM MuieBuma. Kox wmumeBa ca aedUIMjCHIIMjJOM THAaMHUHA YyTBpHeHE Cy
NaTOJIOIIKE TPOMEHE Yy KWYMEHO] MOXAWHHU, aKTHBalMja MHUKporidje, mnosehaHa
unpunarpauuja Thl u Thl7 henuja, kao u nosehana excrpecuja xemoknHa CCL2 u merosor
perentopa y kuuMeHoj moxauuu [85, 86]. Ompeljene BpcTe OakTepHja y IpeBHMa dOBEKa
kao mro cy Bacteroides fragilis, Prevotella copri, Clostridium difficile, Lactobacillus spp.,

Ruminococcus lactaris u Bifidobacterium spp. mory na nmpoaykyjy Buramus bel y oGiuky
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CIO0OMHOT THAaMHWHA Wy OONMKY THaMuH Tupodocdara KOju Cy KJbYYHH 3a CTBaparmbe
eHepruje y 1pesuma [79, 87].

Buramun be2 (pubodnaBun) n meroBu AepuBaTH (GpIaBUH aJ€HUH JAUHYKICOTUA H
(G1aBUH MOHOHYKJICOTHJ CIyXe Kao KO(PAKTOPH Yy Pa3IMYUTUM EH3UMCKUM MpolecuMa
YKJbYYCHUM Y MeTa0o0JIM3aM yrIbeHHX XUapaTa, Junuaa u nporeuna [88]. Ou yuectByje u 'y
HeyTpalMcamwy cI000JHUX paaukana, kao mro cy POK u oxpxaBame HOpMaiHe (QyHKIM]je
BUJA, I[PBEHUX KPBHHUX 3pHAaIla, HEPBHOT cuctema u (opmupama mujenuHa [86]. Takole,
pubodIiaBuH CTyna U y UHTEpakuujy ca Butamuauma be6 u be9, konsepryjyhu ux y muxose
akTuBHe oOsuke. Ilopen aHTHMOKCHMAATUBHOI JAejcTBA, pUOOGIABUH HCIOJ/bAaBA U AHTHU-
uH(pIaMaTOpHa CBOjCTBA U Takohe je yKJbydeH y perynanujy AudepeHiujannje IMyHCKUX
henmja. [lokazaHo je na cy aepuBatu pubOoduaBuHa BaKHU 3a aktuBauujy MAIlT-heauja, xoje
npousBose npo-uHdaamaropue nutokune nomyT IFN-y um IL-17 u yuectBYjy y ondpanu
nomahMHa o] mHaToreHa, ajid Cy Takohe IOBe3aHe ca pPa3BOjeM ayTOMMYHCKHX U
unduamaropaux Oosectu [89]. Ilokazano je na HemocTatak BuTamMuHa be2 WHXHOUpa
aktuBHOCT ammi-COA nmexuaporenase (enri. Coenzyme A, COA) ykJbydeHE Yy OKCHIALHU]Y
MacCHMX KHCEIIMHAa, Kao W cTBapame anetwi-COA Koju MHUTOXOHApHjE KOPHUCTE 3a
pou3BOIY aneHo3uH-Tpudocdata y Kpebcoom nuxiycy. Kako je okcumanuja MacHUX
KHCENIMHA YKJbYYEHA y aKTHBaLHW]y, JudepeHujannjy 1 npoiaudepainjy uMyHckux henmja
crBapameMm aneTuia-CoA [90], Burammu be2 wmoxe gonpuHeTd 00Jb0j KOHTPOJIU
mudepentmjanyje u GyHKIHMje pazauuntux henuja, ma 1 uMyHCKux [75]. TokoM XpOHHYHOT
cTpeca Koju je kapakrepuctuyat 3a MC-y, HuBou POK cy 3naTHO nmoehanu mTo 10BOAM 10
okcumatuBHor omrehema MemOpaHckux sumuga, nporenHa, PHK (PubGonykienncka
kucemuua) u JIHK (e3oxcupubOonykienncka kucenrna). OBH TPOLECH Jajbe Y3POKY])Y
HapymaBatbe KMb-e, nnaykyjyhu nHeypouHdpnamanujy, AeMHJEIMHU3ALM]Y U CTBapame
nesuja [86]. Hekomuko cTymuja je HCOUTANO KIMHUYKH edekar pubodiaBuHA KO
nanujeHata ca MC-om. VY jennoj cryauju Ha 197 nammjenata ca MC-om, youeHa je
HeraTHBHA Kopenanuja usmel)y Buirer yHoca pubodiaBuna u mojae cumntoma MC-e [91].
MehytumMm, y jenHoj ctyauju y kojoj je 29 namujenara ca MC-om npumaiio pubodaasun (10
Mg, ToKkoM 6 Meceln) HHje 3a0eNekeHo MoOosbIIamke edekaTa KIMHHUKUX cumnroma MC-e,
y nopehemy ca mnane6o rpynom [92]. ¥V apyroj cryauju, rpyna ox 53 nauujenara ca PPMC-
oM u CIIMC-oM y akyTHOj (pa3u, nmpumana je tepanujy uurodiasuHa (5 mg pudodaaBuH
MoHOHYKIIeoTHa). OKo 41,5% manujeHara jedeHnx UToGIaBUHOM HUCY UMM TIOTpedy 3a

KOPTHKOCTCpOHMAUMA, a TaKOhe jC YOUCHO U 3Ha‘{ajH0 CMAabCHC KIIMHUYKUX CHMIITOMA U
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moOoJbIlIalkhe KOTHUTHBHE (PYHKIMjEe KOJ TalyjeHara, y mopehemy ca rpymoMm koja HHje
npuMana oBaj jaek [93, 94]. Ilopex tora, Ha EAE-y XHBOTHE,CKOM MOJEIy, HHBO
HEypoTpoduUHOT (hakTopa MO3ra, KIbydyHOT (haKkTopa 3a ca3peBame U 3alUTUTY HEeYypoHa, OHo
je moBehaH y MO3ry U KHUMEHO] MOXKIUHHM MHUIIEBA TPETUPAHUX pHOO(IaBUHOM, a THEBHH
KJIMHUYKA CUMTOMH Cy OWJIM 3HAa4ajHO CMameHH Y nopehemy ca KOHTPOJIHMM MHUIIEBUMA
[94, 95]. OBe cryauje yka3yjy Ha MOTEHIHjAIIHO KMYHOMOIYJIaTOPHO JI€jCTBO puboQIaBrHa,
MehyTuM HeomxoxHa cCy Jajba HMCTPaXKHMBamka Kako OM ce JeTaJbHO YTBPIWJIA YJora
pubodnasuna y MC-u. PubodnaBun Takohe mpousBoje Heke OakTeprje MUKPOOHOTE I[peBa
yoBeka, kao mto cy Lactiplantibacillus plantarum, L. fermentum, B. fragilis, P. copri, C.
difficile u R. lactaris mory na npoussose pubodiasun [79].

Butamun be3 (HuanwH/HUKOTHHCKA KHCEIMHA/HUKOTHHAMHI) j& TIPEKypcop
HUKOTHHAMHJI aJICHUH JIUHYKJICOTHIA, KOGH3MMa KOjU je KJby4aH 3a HH3 METaOOIMYKHX
GbyHKIH]ja, TPBEHCTBEHO Kao peaokc kodakTop [88]. Takole, Huanun aenyje kao Kohakrop y
KOHBEP3MjH YIJbEHUX XHUJApara y TIIYKO3y, MOMake y MPOU3BOAKM MACHHX KHCEIMHA U
xoJecteposia U 06e30el)yje HopMalHO (QyHKIIMOHUCAe HEepBHOT cucrteMa. JledunujeHmuja
BuTaMMHAa be3 moBe3aHa je ca XPOHHYHHUM YMOPOM, JAEMEHIMjoM W nemnpecujom [86].
HctpaxuBama Cy mokasana jaa BUTaMuH be3 mcrosbaBa M aHTH-WH(IIAMAaTOpPHA CBOjCTBA.
VYTBpheHo je 1a cCHUKaBa HMBOE MPO-MH(IAMAaTOPHUX LUTOKWHA, YKbyuyjyhu IL-6, IL-1 u
TNF-a, a mopen Tora, yruue u Ha audepeHnujanujy perynaropuux T-hemuja, mTo ra YMHU
OutHUM (hakTOpPOM 3a OJpKaBarke UMYHCKe xoMeocTasze [79, 96]. ¥V jenaHoj crynuju, HUAIMH
je cmamuo HuBoe IL-6, IL-184 u TNF-o y JIIIC-oM akTHBHpaHHM aJBEOJApHUM
Makpogaruma, kao u aktuBauujy NF-xB nmyra unxubunujom docopunanuje NF-xB p65 u
dochopunanuje NFIB (enrn. Nuclear factor-1 B, NFIB) [75, 97]. Takohe, nokaszano je aa
HUAIMH YYeCTByje y peryjJalyju HMYHCKOT OJAroBopa H mporecuma (arouurose
MHjEJIMHCKOr  e0pruca IOCPEACTBOM aKTHBAllMje pelenTopa XUIPOKCHUKapOOKCUIHE
KHCENTMHE 2 W Ha Taj HauMH cMamyje HeypouH(amanmjy [98]. [Tokaszano je u na nmpuMeHa
HuanyHa nocrnemyje nponece pemujenunuzanyje y LHIHC-y kox crapux mumena. Haume,
yTBph)eHO je Ja HUAaNWH MPOMOBHINE (PAarolUTHY AKTHBHOCT Makpodara/MuUKporimje y
nesyjama y IIHC-y, xao u ja yruue Ha mnoBehame Opoja NpOreHUTOpcKUX henuja
onmuroneHapouuta. OBa cTyauja Takohe MCTHUE HMAIMH Kao IMOTEHLHUjaJIHy Tepamnujy 3a
XpOHUYHE JaemujeruHusupajyhe Oosnectn kao mro je MC [99]. V wucTpaxkuBamuma Ha
nanujeHTuMa ca MC-om, rokasaHo je J1a cy Bucoke j03e HukotuHamuaa (100 mg) u Tuamuna

(300 - 500 mg) nosene a0 mobospinama KiIMHUYKHX cuMiToma MC-e [86, 100]. Ha
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KUBOTHECKUM Mozeny EAE-y, nose ox 500 mg/kg HukoTHHAMUIa 3HAYAjHO Cy MOOOJBIIAIe
KIMHUYKY CIHUKY >KUBOTHHA, Ca OJUIOKEHUM IIOYETKOM OOJECTH M HUXKHMM KIMHUYKUM
ckopoBuMa 3a EAE. Takohe, yodeHo je Mame moapydje mHPUITpAIMje UMYHCKUX henuja,
Kao ¥ HWXKH CTEleH JeMujenuHusanuje, y nopehewy ca xonrposnom [101]. ITopen in vivo
cryamja, y in Vitro Moneny 3a HEYpPOTOKCHYHOCT MOCpeNOBaHy henmjama MHKPOTJIHje
aktuBupanux JIIIC-om yTBpheHo je ma je TpeTMaH HUKOTMHAMHUAOM CMamHO ourehema
aKCOHa, IITO yKa3yje Ha Moryhy HeyponpoTeKTUBHY yiory HukotuHamuaa [86]. [Topex Tora,
pa3He OakTepuje peBa Y0BeKa MOT'Y Jia cuHTeTuIny BuTaMuH be3, ykipyuyjyhu B. fragilis, P.
copri, R. lactaris, C. difficile, Bifidobacterium infantis, Helicobacter pylori u Fusobacterium
varium [79]. Crora, HHBO cuHTe3¢ BUTaMUH be3 Moke OuTH y OGYHKIHjH cacTaBa
MHUKpPOOHMOTE I[peBa M Takohe nompuHETH (YHKIMOHHCAKY CMHUTEIHHUX henuja IpeBa U
OJlpKaBamy eMUTENHE Oapujepe peBa.

Buramun be5 (nmanroreHcka KHCeIMHA) UIpa BaKHY YJIOry Kao mnpekypcop 3a COA
KOJU je KJby4Ha KOMIIOHEHTa y cuHTe3u aneTtwi-CoA. OBo jenumeme y4decTByje y HU3Y
METa0ONMYKHUX TyTeBa, ykibydyjyhu KpeOGcoB mnukimyc, cCHHTE3y HEypOTpaHCMHUTEpa H
oKcHalujy MacHux kuceiauna [87]. Buramun beS nonpunocu oa0pamMOeHIM MeXaHHM3MHMA
OpraHu3Ma Tako IITO MPOMOBHILE QYHKIHM]Y ypoheHor u aganTuBHOr uMyHuTeTa. [TokazaHo
je na ButamuH be5 nokpehe ¢aronuro3y u npou3Boimby Npo-UH(IAMaTOPHUX IIUTOKMHA, K0
mrto cy IL-6 u TNF-a u Ha Taj HauuH unHaykyje Thl u Thl7 UMyHCKU OATOBOP KOJl MMILIEBA
uHumpanux caxrepujom Mycobacterium turbeculosis [77, 102]. TTanToTeHCKa KUCETHHA je
y4eCTBYjeH y peryianuju HuUBoa IBoxkha, KOjU je KJbydaH y MpolecMMa Kao IITO Cy
TPAHCHOPT KHCEOHHMKAa y MO3Ty, IPEHOC €JIEeKTPOHA, CHHTe3a HEypOTpaHCMUTEpa, Kao U
MPOM3BOKba W pEreHepainyja MmujenuHa. MehyTum, BHUCOKM HUBOM TBOkha mory OUTH
IITETHH ¥ JIOBECTH [0 TOBehaHe NpPOM3BOMBE CIOOOMHUX paauKaia M TOTEHIMjajHEe
HEYPOTOKCUYHOCTH. Bucok HHBO rBokha y Mo3ry je mpumeheH Kojx OpOjHHUX HEYpOJIOIMIKHX
nopemehaja, ykipyuyjyhu u MC-y [86], mehyrum edexTH mNaHTOTEHCKE KHCEITHHE Y
HEeypoJlereHepaTUBHUM OoJieCTUMa HUCY JeTaJbHO HCTpaxkuBaHH. Paznmuuure Oaktepuje y
peBuMa 4oBeka, ykipyuyjyhu B. fragilis, P. copri, Escherichia coli, Corynebacterium
glutamicum, Salmonella typhimurium u H. pylori mory na cunrerumy Butamun be5 [79].

Buramun be6 (MMpUIOKCHH, NHPHIOKCAl M NHPUAOKCAMHMH) je TPEKypcop
nupunokcan ¢pocdara U nupUAOKCaMUH Gocdarta, KOjU cy BaXKHH KOEH3UMHU 3a MHOTOOpOjHE
hemjcke gynkmuje. [lopen ymore y CHHTE3W W pa3rpaJmbl aMUHOKHCEIWHA, YI€CTBYje U Y

MeTaboJIM3My MAacCHUX KHCEIMHAa M yribeHuX xuaparta [88]. Burammu be6 Takohe wurpa
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3HaYajHy VYJIOTY Yy peryiaidju HMyHUTETa I[peBa TaKo INTO YTHYEe Ha MeTaboau3am
chunrozun 1-docdara (eurn. Sphingosine-1-phosphate, S1P), meaujaTopa Koju KOHTPOJIUIIIE
murpanujy aumbonuta [79]. Tlopen Tora, mokasaHo je Ja MHPHIOKCAT W MHPHIOKCAI-
¢docdar Mory na perynauiry HIBO akTUBHUX Gopmu oapehennx nutokuna. Hanmme, yrepheno
j€ I1a 10J1a3| 10 MHXUOWIIMje aKTUBHOCTH €H3MMa Kacnase-1 u camum tuM nipoaykuuje IL-1 u
IL-18 onm crpane JIIIC-om akTMBHpaHMX Makpodara HAKOH TpeTMaHa NUPHAOKCAT U
nupugokcain-pocdarom. Takohe, y in VIVO ekcriepuMeHTHMA je YTBPHEHO Ja MUPHIOKCAT U
nupugokcan-pocdar cmamyjy npousBoamy IL-/4 naxubupamem akTuBaiuje nHgpIaMazoma
NLRP3 (eurn. Nucleotide-binding domain, leucine-rich—containing family, pyrin domain—
containing-3, NLRP3) kox mumera [75, 103]. Hegocratak mupHIOKCHHA y HCXPaHU KO
MUIIIEBA, JIOBEO je 10 TNpoMeHa Yy oaropopy T-hemwja, ykipyuyjyhu cympecujy
npomudepanuje T-hemuja, cmamene HuBoe |L-2, moBehane HuBoe IL-4, ka0 U H3MEHmHEHY
eKcrpecujy TpaHckpunuuonux ¢pakropa T-bet u SOCS-1 koju KOHTPONHUIINY €KCIIPECH]Y
pa3mUUuTHX npo-uH(pIamaTopHux I1mrokuHa [75, 104]. YV paHujum cTyadjama Ha
KUBOTHECKIM MOJICIIMA MHIIIEBA W ITall0Ba MOKA3aHO je Ja Je(HIMjeHIrja MUPUI0KCHHA
JTUPEKTHO JTOBOAM 70 mojaBe aemujenuuusanuje [105]. ITopen Tora, ocinabibeH MMYHCKH
oJIroBop KoJ nanujeHara ca MC-om u aeduiinjeHIrja TUpua0KCHHA Cy y3ajaMHO TIOBE3aHU Y
CMHCIly yTHIIaja Ha HapyllaBame (YHKIIMje aHTUTEeIa U HACTaHKa peakilija MPeoCceTbUBOCTH
[86]. Merarenomcka aHanM3a IjpeBa YoBeKa MACHTH(PHUKOBAIA je HEKOJIMKO OakTepuja Koje
UMajy KamaiureT 3a OuocuHTe3y BuTamuHa be6, ykipyuyjyhu B. fragilis, P. copri,
Bifidobacterium longum, Collinsella aerofaciens u H. pylori [79]. ledumujeninja Butamuta
be6 je moBe3ana ca pa3BojeM MH(pIaMaTOpHUX OOJECTH Kao IITO Cy ajepruja, peyMaTOU HU
aptputuc ¥ WH(IamMaropHe Oomectu Ipesa. Ilo3HaTo je ma Hemocratak BUTamMuHa be6
HapymaBa paBHoTexXy usmely 7hl u Th2 oarosopa, UCTOBpEMEHO M3a3uBajyhu mpomeHe y
JMBEP3UTETY MUKPOOHOTE LIPeBa, Kao U y MPOAYKIIUjH oaroBapajyhux meradonura [79, 87].
Butamun be7 (OMoTHH) je KJbyYHU KOCH3UM 3a pa3MYUTe OMOXEMHjCKE MpoIlece
yKJbY4€He y MeTa0oJIM3aM IITyKo3e, aMUHOKHCETMHA 1 MacHuX kucenuHa [88]. Kao oxrosop
Ha HejocTtatak BuTaMuHa be7, mokpehe ce aktuBamnuja tpanckpumiuje NF-xB, mto ykazyje
Ha ynory ButamuHa be7 y muxubunuju axtusauuje NF-xB u excrpecuje reHa 3a mpo-
uHpIamaTopHe nuTokuHe, kao mto cy TNF-a, IL-1 u IL-6 [79, 106]. [Topen Tora, y jemHoj
cTynuju koja je pahena Ha 154 mammjenta ca mporpecuBHOM MC-oMm, yTBpheHo je na je
CyIUIEMEHTallMja BUCOKMM jo3ama OuoTtuHa (100 mMQ) moBena A0 cMamema KIMHUYKHUX

CHMITOMa TMaiujeHara, y mnopehemy ca mmaneb6o rpynom [86, 107]. MerareHomckoM
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aHaJM30M IIpeBa YoBeKa yTBpheHo je ma oapeljene O6akrepuje kao mro cy B. fragilis, P. copri,
F. varium, u Campylobacter coli mocenyjy myr 6uocuntese 3a Butamun be7 [79].

Buramun be9 (ponar, ponHa kucennna) GyHKIMOHUIIE KA0 KOCH3UM Y Pa3IHUUTHM
MeTa0OIMYKUM Tponecuma, ykibyayjyhu cunresy JIHK u amunokucenuna. Buramun be9 je
KJbydaH y mporiecuma merwianuje y [{THC-y, OdyBamby MeMOpaHCKHX JUNHIA HEYpOHA U
mMjatHuX henwja, kKao W MeradoyiM3Ma HEYpOTpaHCMUTEpa YKJbY4yjyhu CEpOTOHMH U
nonamuH [88]. Ocum Tora, ButamuH be9 nonpuHOCH O/pKaBaky HMMYHCKE DPaBHOTEKE
yruuyhu Ha ¢yHKumjy perynaropuux T-hemuja, unMe ce crpeuyaBa IojaBa MPEKOMEPHOT
undamaTopaor oxarosopa [79]. Takohe, mokazano je ga BuTramMuH be9 mma mo3uTHBaH
edexar ua nponudepannjy T aumdponuTa, GarouTo3y U NPOU3BOIHbY HMYHOTIIO0yIHHA [75,
79]. Mopen Tora, y ycnoBuma aeduiinjernuje donara y in VIitro kynrypu perymnaropaux T-
henuja, mopen cMameHOT CTENEeHa MPeKUBIbaBama perynatopaux T-hemmja, mpumehena je u
CMambeHa EKCIpecHja aHTH-armonToTckor mpotenHa Bcl2 (emrnm. B-cell lymphoma 2, Bcl2)
[108]. Hemocrarak BuTamuHa be9 y wmcxpaHu KoOJ MHMIIEBA Y3pOKOBao je moBehaHy
oceTsbMBOCT Ha WH(paamanujy y upesuma [79, 109]. Ilopex Tora, yrBpheHo je na HHCKH
HUBOH (hoylaTa ¥ MarHe3ujyma Kopenuury ca noehanum ocehajem ymopa/McupriibeHOCTH KO
nanujenta ca MC-om [110]. 3anumibuBO je na je cymiemenTanuja ¢ponne kucenune (200-300
ng/nan) xoxa manujeHata ca MC-om nmobosbinana HEYpPOJIOIIKK CTAaTyC MalijeHaTa, oIcTakia
pereHepaijy MujeirHa | moboJblaia OmiiTe crame mnanujenara [111]. ¥V jeanoj cryawju,
yrnopelheHa je kmuHu4Ka ciuka 22 nanujenra ca MC-oM koju cy IpUMaiu UMYHOCYIIPECUBHY
tepannjy (mukiodochamun 400-500 mg) u 20 manmjenara ca MC-oM KoOju Cy MpUMaTH
¢donmny kucenuny (1 mg, 5 myra HemesbHO, TOKOM 2 Hexaesbe). Mako HHje yCTaHOBJHEH
MO3UTHBaH e(deKaT cyrueMeHTanuje (GoaaToM, NalrjeHTH U3 o0e rpyme cy MoKazaiu CIUYHY
nporpecujy 6onectu [86, 112]. MerareHOMCKOM aHaM30M I[peBa 4YoBeKa yTBpheHO je 1a
oakrepuje B. fragilis, P. copri, C. difficile, L. plantarum, L. reuteri, L. delbrueckii ssp.
bulgaricus, Streptococcus thermophilus, F. varium u Salmonella enterica mocenyjy myt
ouocunTe3e ¢oara [79].

Buramun bel? (kobamamuH) urpa BakKHY YIJIOTY Yy MpPaBUIHOM pa3BoOjy H
¢yakuonucawy IHC-a, ka0 ¥ y Ipou3BOJHH LPBEHUX KPBHUX 3pHana. theropu akTUBHU
o0IHMIM, METHJIKOOaTlaMUH U aJleHO3WIKOOalaMHH, MPEACTaBJba]y BaKHE JOHOPE METHI
rpyne y Mpolecy CHHTe3e HYKIEHMHCKMX KHCEeNIHMHA, Kao M Y MeTaboiu3My NpoTeuHa H
munuga. Butamun bel2 nenyje m kao kodaxkTop 3a CHHTE3y METHOHMHA, OJIaKilaBajyhu

KOHBEP3H]y aMHHOKHCeTnHe xomormcrenHa y mernonuH [88]. Ilopex Ttora, cryamje cy
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OTKpWJIC Ja BUTaMHH bel2 mmMa mMyHOMOIyJaTOpHA CBOJCTBA M J1a yTHYE HA aKTUBHOCT
CD8+ T u NKT hemuja [79, 113]. Hamme, mokasaHo je aa HemocTarak BuTamuHa bel2
JOBOJIM JI0 CMameHE peryianuje aumdornuTa, kao U na yrude Ha ¢(yHxnuoHamHocT NK
henmja [114]. ¥V nopehemwy ca 3apaBum ocobama, yneo CD4+ T momynanmje umdornmra je
O0wo 3HawyajHo Behm kon mamujeHara ca jAedunMjeHIMjoM BUTamMuHa bel2, mTo je
pesyarupano Bucokum ogHocom CD4+ : CD8+ T-henuja [115]. Buramun bel2 je jeman ox
Haj0OJbe WCTPAKCHHX BHTAMHHA Tpyne be y HeypoaereHepaTUBHUM O0OJbCHHUMA,
ykipyayjyhu u MC-y. BpojHe cryamje cy yTBpawie Kopenanwjy wu3Melhy H3MEHmEHOT
Merabosm3ma BuTaMuHa bel2 m HuBoa BurammHa bel2 y cepymy m IICT-u mamujenara
obonenux ox MC-e [86, 116-118]. Melyytum, y CTyauju Koja je ykJbyurBaia 24 maiujenra ca
MC-om, 73 manujeHTa ca IpyruM HeyposiomkuM nopemehajuma u 21 3apaBor HCIUTAHUKA,
Huje npumeheHo moOosblame KIMHUYKE CIMKE HAKOH CyIUleMeHTanuje BUTaMuHoMm bel2
[119]. V oBoj cryamju, Bucoka no3a mMeTwi ButamuHa bel2 (60 Mg cBaku gaH TOKOM 6
MeECeIln) je MpUMEHhEeHa KOJ MIeCT MalHjeHaTa ca XpOHUYHOM mporpecuBHOM MC-om. HMako
Ce MOTOPHH WHBAIMIUTET HHj¢ KIMHUYKH CMAbHO, TOKa3aHa je TCHICHIM]a Ka MO00JbIIamhy
BU3YEIIHUX W ayAMTOPHUX EBOIMPAHMX IOTEHIMjana TOKOM Tepamnuje. Mmak, Tepanuja
BHUCOKHM Jl03aMa MeTHJ BUTaMuHA bel2 mpencrassba noTeHnujanny Tepanujy 3a MC-y, kao
nomatak uMyHocyrnpecuBHuM Tepanujama [119]. Tlopex Tora, y jemHoj Mera-aHaiau3u je
YCTaHOBJbEHA Kopenaiuja u3Mel)ly Huckumx HuBoa BUTamuHa bel2 W moBumIeHNMX HUBOA
XoMomnucTenHa ca naroreHe3oM MC-e. IloBullleHH HUBOM XOMOIIMCTEHHA CY acOIMpaHH ca
Pa3NUYUTUM KIMHUYKUM MaHu@ectanujama MC-e, a oceOHO je UCTaKHYT HEroB yTHUIla) Ha
[THC [120, 121]. 3memeH kaTabonn3aM XOMOIUCTEHHA e Tope/ AeUIIjeHIINje BUTAMHHA
bel2, noBoau u y Be3y ca aeduiujeHuujoM ButamuHa be6 u be9. Ucrpaxkupama cy rnokasana
Ja YHOC OBHMX BHTaMHHAa MOX€ TMOTEHIMjaJHO Jla CMamkl pH3UK OJf HacTaHKa
HEYpOJlerepaTUBHUX CTama cMamyjyhu HHBO xomorcrenna [88, 122]. MerareHomcka
aHaiM3a IpeBa 4YOBEKa je Mokasana nga Oakrepuje kao mrto cy P. copri, C. difficile,
Faecalibacterium prausnitzii, R. lactaris, Bifidobacterium animalis, B. infantis, B. longum u

F. varium umajy cmocoOHOCT cuHTe3e ButamuHa bel2 [79].

HNako je yrBpheHo na ButamuHHM Tpyne be umajy BaxHY peryiaatopHy yjory y
naTO(U3NOJIOMKUM MPOLECHMa Yy HEYpPOJEereHepaTUBHUM 000JbEHUMa, HEONXOHA Cy Aaba
UCTpa)KMBamba Kako OM ce JeTabHO YTBPAMO YTUIA] KOMIUIEKCa BUTaMUHA be Ha KIMHUYKY

ciuky mnanujeHata ca MC-oM, mporece pemMHjeNUMHHM3alMje U HeypopereHeparyje.
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Jlebunujenmnuja BuTamMuHa be ce yecTto MOBOAM y Be3y ca KOTHUTUBHOM AUCHYHKIH]OM U
pPa3IMYUTUM HEYPOJIOMKUM Oojectuma kao mTo je MC. Cumnrome nedunujeHIuje
ButamMuHa be m MC-e omnuKyjy CIMYHE KapaKTEepPHCTHUKE, YKJbydyjyhu pasHe KIMHHYKE
MaHudecraluje, Kao INTO Cy XpPOHHYHH YMOp, HApPYyUIeH HMYHCKH OATOBOp U
nemujenuHu3andja HeypoHa [86]. ITopen mpomena y ITHC-y kox mamujenara ca MC-owm,
NETeKTYy]y c€ U IpoMeHe y mnepudepHUM HEpBHMA, IITO j€ MPUCYTHO M Y >KUBOTHECKOM
mozaeny MC-e, EAE-y [123, 124]. [IpeTxoaHu paJoBu MOKA3aJIU Cy Jia TPETMaH KOMIUIEKCOM
BUTaMHHUMA rpyre be, (BGBI/IHJIGKC® — bel, be2, be3, be5, be6 u bel2) mobospmaBa
pereHepanujy MOTOPHUX HepaBa M oOmnopaBak (yHKUHUje MHUIIMha HHEPBUCAHUX JATUM
HEpBOM Ha Mojeiy moBpeae mnepudepnor Hepsa [125]. Vkparko, TpeTMaH BHTaMHHHMA
rpynie be cmammo je excmpecwjy mnpo-uH(IaMaTOpHUX W MoBehao ekcrmpecwjy aHTH-
nH(}IAMATOPHUX IUTOKWHA, YMME j€ JONMPUHEO CMamemy HeypouH(iaamanmje. Takohe,
BUTaMuHu rpyne be cmamunu cy 6poj M1, a nmoehanu 6poj M2 makpodara mro ykasyje Ha
BUXOBY yiory y M1/M2 TpaH3ullMju TOKOM OMNOpaBKa mnepudepHOr HEepBa HAKOH MOBpEIE
[126]. OBakaB edekar ButamuHa rpyne be yTunao je Ha cMameme omrehiemha MUjeInHCKE
OBOJHHIIC M THME yOp3a0 pereHepaiyjy akCoHa M OmopaBak (yHKIHje HUME WHEPBUCAHOT
muimha [127].

CxoaHO ToMe, MpUMeHa KoMIlIekca BuTaMuHa rpymne be y tepanuju MC-e, morna 6u
MOBOJFHO YTHUIIATH M Ha MPOMEHE y Mepu(epHUM HEPBUMA, Ka0 M Ha MOOOJbIIAE HUXOBE
¢yukyje. [lopen Tora mro cy HEypONpPOTEKTUBHU €(EeKTH MOjeIMHAYHUX BUTaAMHHA Irpyme
be no3Haty, ouekyje ce na Ou ce mocturao 60sbM edexaT yApyKEeHUM JeloBameM Bulle be
BUTaMMHA, OJIHOCHO ITPUMEHOM HCIUTHUBaHOI Komiuiekca. Ilopen Tora, 3axBasbyjyhu cBojum
MMYHOMO/IYJIATOPHUM KapaKTepucTHKaMa, be BUTAaMHHH MOTY MMaTH YIIOTY y peryJamnuju
po-uH(IAMAaTOPHOT OArOBOpa, Kao W IPOMOBHCAKY MOHOBHOT (hOpMHUpama HWMYHCKE
xomeoctaze y [{HC-y, koja je mpemycioB 3a omopaBak M Ipoliec Heypoperenepauuje. Ha
OCHOBY IPETXO/IHUX pe3yiTara JOOHjeHUX Ha MOJIeNy MoBpee nepudepHor HepBa, Tepamnuja
koMIuiekcoM be BuTammuHa Morna Ou na o6e30enu MOMONHM TepamujcKu MPUCTYH U 3a
e(UKaCHU]y KOHTPOJIy MH(IaMaTOPHUX MpoIieca Koju Jiexke Yy ocHOBU nporpecuje MC-e, kao

1 Op>Ky oropaBak NalyjeHara.
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2 IWJLEBU



OcHOBHM IIMJb OBE JIOKTOPCKE JHCEpTaIdje je Ja Ce HWCIHUTAa YTHUIA] TpeTMaHa
komruiekcom BuTamuHa be (bel, be2, be3, be5, be6 u bel2) na mporpecujy EAE-a u

nporiece HeypouHduamaruje mpumenom (1) in vivo, (2) in vitro u (3) in silico ucrpakuama.

Y ckmamy ca  OCHOBHUM LWJb€M HCTpaXHBama, JepuHHCAHU Ccy ciuenehu

CKCIICPUMCHTAJIHU 3aJalln KOjI/I he ce uzBectu Y OKBUPY TpHU TUIIA UCIIUTHUBAIbA:

1. Invivo cryamja Ha kuBoTHE-CKOM Mojeny MC-¢, EAE-y kox Dark Agouti marosa —
Ucnuratn yrunaj tepanuje komiuiekcom be Buramuua (bel, be2, be3, be5, beo,
bel2) na (1) knmuHWYKe 3HAKE Tporpecuje OonectH, (2) mpoMeHe y T'yCTHHU jenapa
3axpaheHOr mepudepHOr HepBa W HUME HHEpBHcaHOM Mwuiuhy kBaapwuiiernca, (3)
mpouece y aApeHupajyhum numMbHAM 4YBOpPOBHMA, (4) XHCTOJIONIKE MPOMEHE Y
KAYMEHO] MOXIMHU u BedukoM wmo3ry (5), kao um Ha (6) cactaB W QYHKIH]Y
MUKpPOOHOTE I[peBa y Pa3IMYUTAM BPEMEHCKHM Tadykama TOKOM OosecTH (TIOYETak,

UK U KPaj).

2. In vitro crymmja — Hcnurtatu (1) aHTH-uH(pIAMATOPHH TMOTEHIMjal KOMILIEKCa
BUTaMruHa be Ha ekcrnpecHjy MOBpIIMHCKUX Mosiekyna u npoayknujy POK, NO u
npo-uHpaamaropanx mmrokuHa INF-a un IL-6 on crpane JIIIC-om akTuBHpaHe
munije BV2 wmukpornmje u (2) HEypoONpOTEeKTUBHY aKTHBHOCT KoMILIekca be
BUTaMMHa KopuihemeMm Mozena TpaHcdepa cynepHaTaHTa Tpetupanux BV2 henuja

mukporiuje Ha SH-SY5Y neypone.

3. In silico erynuja — Ucnuratu (1) yTuiaj TpetMaHa KOMIUIEKCOM BHTamMHuHA be Ha
cacTaB MMKpOOMOTe IIpeBa TIaloBa ca EKCIEPUMEHTAIHUM ayTOMMYHCKHM
eHrepanioMujenuTucoM U (2) MOTEHIMjalHU MEXaHu3aM JIeJoBama oJadpaHux
BUTaMHHA be KOMIUIeKca Ha MPOTEHHE OJ] MHTEpeca y OKBUPY MH(]IaMaTOpHOT IyTa

TLR4 unnyxosanor JIIIC-om.
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3 MATEPUJAJI U METOJE
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3.1 Xemmukanuje

Kommiekc be Burammna — beBumiekc® ammyna (mpou3Bohau — ['ameHuka a.n.
Bbeorpan, Cpbuja) canpxu bel (tmamun xunpoxiopun, 40 mg), be2 (pubodnaBun HaTpujym
docdar, 4 mg), be3 (muxkormHamun, 100 mg), beS (xamuujym nantoreHnar, 10 mg), beb
(mupupokcuH xuapoxiopua, 8 mg) u bel2 (uujanokobamamus, 4 pg). Jumeruncyndokrcu
(AIMCO), cosun Y, kamujym aumxuzaporen ¢ochar (KHPO,), kxamujym xmopum (KCI),
munononucaxapua (JITIC), mutujym kapoonar (Li,CO3), LFB (enrn. Luxol Fast Blue),
MajepoB xemarokcuinH, MoHoOa3Hu Hatpujym ¢ocdar (NaH,PO,), 3-(4,5-aumernituazon-
2-un)-2,5-mupenunrerpazonujym  6pomua  (MTT), warpujym  asung  (NaNs), N-1-
HaTUICTUICHANAMUH AUXUApoxiopun, Hatpujym OuxapOonar (NaHCOs), nHatpujym
noaeuna cyndar (eurs. Sodium dodecyl sulfate, SDS), natpujym xmopuza (NaCl), matpujym
kapOoHnat (Na;COs), nutporuiau terpasonujym xiaopun (HBT), RPMI (enrn. Roswell Park
Memorial Institute) meaujym 3a hemujcky Kyiatypy u cyiadaHWIaMuI HaOaBJbEHH CY Of
Sigma-Aldrich, CA/I. Auxuaposana D(+)-riayko3a u D(+)-caxaposa je HabGaBsbena o Carl
Roth, Hemauka. Memujym 3a kanymsbewe Killik naGaBmen je ox Bio-Optica, Uranuja.
I'oBehu cepym andymun, BSA (enrs. Bovine Serum Albumin) i DPX nemak 3a MOHTHpambe
npernapata cy HabaBibeHu ox Thermo Fischer Scientific, CA/l. henujcke nunHje cy
HabaBibeHe o7 amepuuke Konekuuje kynrypa ATCC (enrn. American Tissue Culture
Collection, Manassas, CAJ]). Eranon 96%, eranon 100%, H30MpONMI-aIKOXO0JI, KCHIOI U
xnopoBogonnuHa kucenuna (HCI) cy nabasmenu on Zorka Pharma, Cp6uja. ®ochopna
kucenuHa je HabaBibena ox Honeywell, CAJl. ®eranuu rosehu cepym, FBS (enrn. Fetal
Bovine Serum) je mabaBmen on Gibco, Invitrogen, CAJl. Hatpujym mutput (NaNO,) je
KymbeH on Dispochem, Benuka Bpuranuja. [TeHHIIUTHH/CTPENTOMUIMH je KyIUbeH o1 PAA
Laboratories GmbH, Ayctpuja. Tpuncun-EJITA 0,5% na6aBiwen je oq Capricorn Scientific,

Hemauxka.
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3.2 Peareuncu

Tabena 1. HasuBu u cactaB kopuinhenux nydepa, pacTBopa u Meaujyma.

Ha3us CacrtaB
NaCl 8 g
c docd o KCI0,2¢
JIJAaHU pPacTBO ocharor 1mydepa
P P yOep Na,HPO, 1,14 g
(0,01 M PBS; pH=7,4)
KH,PO, 0,2 g

JectumoBana Boga 10 1 L

®ocdaruu mydep
(0,2M PB; pH=17,4)

NaH,PO4 x H,0 5,52 ¢
Na,HPO, (anhidrovani) 8,52 g

JectunoBana Boga 10 1 L

RPMI 1640 meaujym

RPMI 1640 1 nakoBame

NaHCO3; 2 g
(pH=17,4) '
JlejonnzoBana Boga a0 1 L
Tpuncun-EJITA 0,5%
Tpuncun 0,25%
0,01 M PBS
4% mnapadopmManaexua [Tapadopmannexun 40 g
(pH=17,4) IXPBSmo 1L
Komnonenra A (0,1% N-1-

I'pucos pearenc (A:b =1:1)

HaTHIIETUIICHIUAMUH - TUXUIPOXIIOPU]T PACTBOP)
Kommonenra b (1% cyndanmnamun y 5%

(dhocdopHOj KHUCETUHU )

PactBop SDS-a

10% SDS
0,1% 1 N HCI

PactBop Luxol Fast Blue

LFB 0,059
95% eranon 100 mL

10% cuphetna xucenmuHa
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_ Li,CO50,05 g
PacTtBop nuTHjym kapboHata

HectunoBana Boga 100 mL

Ta6ena 2. Crincak Ha3uBa U pou3Bolaya KOpUITheHNX KOMEPIHjaTHO JOCTYITHUX KOMIUIETa

Hasus IIpoussohau

Kommuiet 3a onpehuBame IL-6 nuroxuna, Mouse I1L-6 Quantikine ELISA

) R&D systems
Kit
K TNF- , M TNF-alpha Quantikine
OMILIET 3a oapehuBame o HuTOKMHA, Mouse pha Q R&D systems
ELISA Kit
K ' 0 j
OMIUIET 32 PUKCAIU]y U TIepMea0mIH3aIlrjy y30paka 3a MpoTOYHY R&D systems

utometpujy, Flow cytometry fixation and permeabilization kit |

Kowmmer 3a msonosame JIHK, GenElute™ Stool DNA Isolation Kit Sigma Aldrich

Kowmrutet 3a gPCR, FastGene 2X IC Green Universal ROX Nippon Genetics

3.3 ExkcnepumeHTajIHE ;KHBOTHH>€

3a in VIVO eKcrepuMEHTaTHH Je0 HCTpaXkWBama KopuiiheH je  Mojen
€KCIIEpUMEHTATHOT ayTOMMYHCKOT  eHIle(alloMujeTuThCa, Kao jedaH oj Hajuemihe
kopunthennx anumanHux moxena MC-e. McnutuBama cy palhieHa Ha MysKjalma IanoBa
Dark Agouti (DA) coja crapoctu 2-2,5 mecena (texxune uzmely 220 u 250 ), 100ujeHUX 13
oJrajuBauke KojoHuje Ha BojHomenuuuuckoj axagemuju (beorpan, CpOuja). Pememem
ylpaBe 3a BeTepHHY, MUHHCTApCTBa TMOJHONPHUBPENE, IIyMapCcTBa W BOJOIPHUBPEIC
Peny6muke Cpouje, op. 323-07-6180/2019-05 u 6p. 323-07-06858/2021-05, oobpene Ccy cBe
eKCIIEPUMEHTAIHE TpOIeype Ha >XHBOTHHaMa. JKuBoTHEama je OolecT WHIyKOBaHA
CyOKyTaHOM MpPHMEHOM €MyJ3HMje XOoMoreHara KuumeHe MoxauHe (50% w/v 'y
bu3noIomKOM pacTBopy) u KoMiuieTHor ®dpojumoBor agjyanca (enri. Complete Freund's

adjuvant, CFA) y neBy 3aamy miamy (150 pL).
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3.3.1 TpermaH }KMBOTHHA KOMILIEKCOM BUTaMuHAa be

XKusotume (ykymHo 47 KHBOTHEA) Cy Owie pacmoje/beHe y YeTHUpH
eKCIIEpUMEHTAIHE Tpyle, y CTaHIapAHUM KaBe3uMa (3 JKHBOTHIEG IO KaBedy) U Y
KOHBEHIIMOHAJIHUM YCJIOBHMa: KOHCTaHTHA TEMIIEpaTypa U BIAXXHOCT, LIUKIYC CBETIIO/MpaK
12h, y3 cnobomaH mpucTyn BoAM M XpaHu. [lapann3oBaHe KMBOTHEC Cy OWIIe MaHYEIHO

XpameHe.

3.3.1.1 Excnepumenmanue zpyne

1. Tlpea rpyna (E) — >XHBOTHIbC KOjUMa j€ HMHIYKOBaH CKCIIEPUMEHTAIHU
ayrouMyHcku eHuedanomujenutuc (17 >xuBoTHma). OBa rpymna >KUBOTHIA j€
no0ujana CBaKor JaHa UHjeKIH]y (GU3HUOIOMIKOT PacTBOpa (MHTPANIEPUTOHEATHO,
0,2 mL) kako OM ce eTMMHHKMCAO YTHIA] CTPeca KOjU je W3a3BaH JaBambeM
MHjeK1uje KokTena be BUTaMuHa y Apyroj rpynu >kuBOTUHA.

2. Jlpyra rpyna (ET) — XuBOTHIC KOjUMA je HHAYKOBaH EKCIICPHUMEHTAIHU
AyTOMMYHCKH €HIIe(aJIOMHUJEIUTUC U KOje Cy O]l JaHa MHAyKuWje OoyiecTH 10
TEpMHHA >XPTBOBamba TpeTUpaHe KoMmIiulekcoM ButamuHa be (beBuruexc®)
UHTpANepuOTOHEATHO cBakoaHeBHO y a03u bel (37 mg/kg), be2 (3,7 mg/kg),
be3 (93 mg/kg), be5 (9,3 mg/kg) , be6 (7,4 mg/kg) u bel2 (3,7 pg/kg) (18
JKUBOTHHA).

3. Tpeha rpyna (CFA) — )HBOTHE KOje CYy IPUMUIIE caMo KoMILieTHH DpojHI0B
ajijyBaHc (6 KUBOTHHA).

4. Yerppra rpyna (K) — uHTaKTHE )KUBOTHILC (6 )KUBOTHEHA).

Ha ocnoBy nporpecuje 6onecty, xuBotumse U3 E n ET excnepumeHnTanHux rpymna
npaheHe cy y Tpu BpeMeHCKe Tauke: noverak (0), muk (m) u kpaj (K) 00JecTH U NoAesbeHe Cy
y cieaehe noarpyme: Herperupane xxuBotuibe Eo (5 xxuBotuma), En (5 xuotuma), Ex (7
’KHBOTHIHA) U KUBOTHEC TpeTUpaHe ButamuHnMa be komrutiekca Eto (5 xuBotuma), ETnm (5

KHUBOTHbA), ETK (7 )KUBOTHHA).

3.3.2 IIpouemuBame KIHMHUYKE CJIMKE H MPOrpecuje 0601ecTu

VY nepuony ox 30 nmaHa HaKOH MMYHHU3AIlHje, )KUBOTUIE Cy CBAaKOJAHEBHO mpaheHe,
MpOLEHkMBaHa je KIMHWYKA CIMKa OOJIeCTM M MepeHa je TeiecHa Mmaca. KimHuuka ciuka

IpolekhHUBaHa je MmpeMa craHaapaHoj ckanu nporpecuje EAE ounenama ox 0 mo 5: 0 — 6e3
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KIMHWYKUX 3HakoBa; 0,5 — nmenumuvHM ryOMTaKk/CMameHH TOHYC pena W HeMoryhHoCT
yBHjamka IUCTATHOT Kpaja pemna; 1 — ryOuTak/cmameHu ToHyc pema; 1,5 — Omaro/ymepeno
HeCIpeTaH Xoj, omTeheHa CHOCOOHOCT MPaBUIIHOT KpeTama; 2 — CladoCT 3aambuX
eKCTpeMHTeTa, napesa; 2,5 — ACTMMUYHA Tapain3a 3aBbHX CKCTPEeMUTETa; 3 — MOTIyHa
napanmsa 3aJilbHX eKCTpeMuTeTa; 3,5 — MOTIyHa napainu3a 33lbUX eKCTPEeMHUTETa U clabocT
MpeAmUX eKCTpeMuTeTa; 4 — KBaJpHUIUIeTH]a U 5 — MOPUOYHIHO CTambe uiau cMpT. Cpenme
BPEIHOCTH KIMHWYKHX pe3yiTaTa 3a XKHUBOTUIE Y CBAKOj OJl €KCIIEPUMEHTAIHHUX TpyIia
u3padyHaTe Cy Ha Kpajy mepuoja epanyanuje. TokoM mporpecuje 60yect, pa3iuKoBaie cy

ce Tpu (pasze: moverak OOJECTH, MUK OOJIECTH U Kpaj OOJIECTH.

3.3.3 M3og0Bame oprana

Ha ocHOBy KIMHHYKE CIIMKE, Ka0 M BPEMEHCKOT IEepHojaa Of JaHa HMMYyHHU3aluje,
’KHBOTHIHE Cy OMJIC )KPTBOBAHE Yy TPU BPEMEHCKE Ta4Ke: [MOYETaK, UK U Kpaj OoJecTH (ciuka
4). HakoH >XpTBOBama KUBOTHIA JICKAITUTALIN]OM, H30JI0BaHa Cy TKHBA O]l MHTEpeca (MO3aK,
KMYMEHa MOKIHMHA, ()eMOpaHM HEpBM W MUIIMNM KBAJPHIIETICA JIEBOT U JECHOT 3aber
EKCTPEMHTETA, MOTUTUTCATHH JTUM(HN YBOPOBH) U CaKyIUbeH je derec (cauka 4). CakyrbeHa
TKHBA Cy C€ KOPUCTHJIA 3a XHUCTOMOP(OJOWIKY aHamu3y (MO3aK, KHYMEHAa MOXKAWHA,
¢demopanHu HepB, MHUIIMh KBaJpuLENC M TMOIUIMTEATHU JUM(HU YBOPOBH), a Qeuec 3a

n3onauujy JJHK 3a ananusy cacraBa MUKpoOOHMOTE LpeBa y pa3iIMUUTUM E€KCIEPUMEHTAITHUM

rpymnama.
A)

l EAE wvHAayKuuja Eo En Ek

k + + i

0 X X 30

l EAE vHAyKumja

: i ; iX

0 P X X 30
TpeTmaH y [aHu HaKoH UMyHM3auvje m KPMEoBaHe

B)

Cauka 4. WaycTpanuja eKCiepuMEHTAJIHOT TM3ajHA U BPEMEHCKHX Ta4aKa ’KPTBOBamba
JKMBOTHHA.
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(A) ExcrieppuMeHTaTHU AM3ajH 1 BpEMEHCKE TauKe )KPTBOBama KUBOTUHA; (B) Cxema
M30JI0Bama OpraHa oJ uHTepeca, 1 — demMopanHu HepB, MUIIKN KBaJApHUIIEIICa U HOIUIUTEATHN
nuMQHU YBOp; 2 — MO3aK U KHUMEHA MOXKIUHA ; 3 — derec; ['pymna »kMBOTHIA TPETHPAHUX
xomriutekcoMm Butamuna be (ET); Herperupana rpyna sxuBotuma (E);

BpeMmeHcke Tauke nporpecuje 00JeCTH U KPTBOBaKba JKUBOTHEHA: TIOYETAK (0), UK (M) 1 Kpaj (K)

0omecTu.

3.3.4 Xucromopdosomka aHaau3za u ojapehuBame rycTHMHe jegapa mnpemapara
JUM(pHHUX YBOpOBa, HepaBa U Muiuha
IToctymak xemarokcunun/eo3ud (X/E) Oojema mnpencraBiba jeaHy oJ1 Hajuemrhe
KopuimmheHNX MeToJa 3a XHCTOJNOImKa Oojema. XemaTokcwiuH Oo0ju hemujcka jenpa
TaMHOIUTAaBOM 00joM, JOK €O03MH O00ju WIUTOIUIa3My M oOcTaje henujcke CTPYKType
pyxkudactom 6ojoM. Ha Taj HaumH, 0BO ABOCTPYKO Oojeme oMoryhaBa jaCHO pa3lIMKOBame

TKUBHHX M NeIHjCKUX KOMIIOHCHTH, Ka0 M HACTAJIHMX MPOMEHA Y lbUXO0BOj CTpyKTypH [128].

[Momnureanan nuMdpHU YBOPOBH, (EMOpaJIHM HEPBH W MUIIMOKM KBaJpHIIENCa
WHEPBHCAHK OBUM HepBUMa (JICBOI U JIECHOT 3aJibEr CKCTPEMHUTETa, OJl YSTUPHU IO IeT
KUBOTHEbA 110 TPYNH) HCOPAaHH Cy (QHU3HOJIOMIKUM pacTBOpoM, ¢ukcupanu y 4%
napadopmanaexuay u npunpemibeHn 3a X/E 6ojeme (Jlaboparopuja Oculus, Beorpan,
CpOuja) npema cranaapaHoM nportokoiy. Ilapaduncku npeceun (ne6spuna 20 pm) Hepasa u
muirha nocmarpanu cy Ha yBehamy 40 X, 1ok cy mpecenu JUMGHUX YBOPOBA MOCMATpPaHU
nmox yBehamem 5 X, 10 x u 40 X Ha cBemiocHOM MuKpockomy (Leica, LAS v 4.11). 3a
onpehuBame MpoMeHe TyCTHHE jemapa y 3axBaheHoM mnepuepHOM HEPBY H HHHME
uHepBHUcaHoM mumuhy (6poj jenapa/mmz) kopuithen je ImageJ codreep. Mmajyhu y Bugy
Ja cy MUKporpaduje cinkaHe Ha yBenauuawmy 40 X mpescraBibajie NMpHUKa3 JieoBa PerMoHa
mpeceka, HYXHO je OWJI0 HampaBUTH 1O HajMame ocaMm, a Hajsumie 20 dortorpaduja
pa3nuuuTUX perroHa (y 3aBHCHOCTH O] BEIIMYHMHE Ipeceka) Kako OW ce HampaBHO MO3aHMK
1[eJIOT Tpeceka, Ha OCHOBY 4era je oMoryheHo nakiine Opojame jenapa u oapehuBame HIUX0OBE

rycruae (6poj jexapa/mm?).

3.3.5 KpuonpesepBaumja u XuctoMop¢oJIoIKa aHAJM32 NpenapaTa M0o3ra 1 KHiMeHe
MOKIHHE

Hakon w3omoBama, MO3aK M KHUMEHa MOXIMHA Cy HUCOpPAaHU Y XJaJHOM
¢du3moNomKoM pacTtBopy M mpebadenu y 4% mnapadopmangexun. Hakon 24 h, tkuBa cy

nexuapaTicana pacTyhuM KOHIIGHTpaldjama pacTtBopa caxapose y ¢dochatHoMm mydepy, y
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nepuoay on 3 nana (npsu aaH — 10% pactBop caxapose, apyru naH — 20% pactBop caxapose
u tpehu nan — 30% pacTBop caxapose) u uyBana Ha +4 °C. HakoH omiuBama caxapose,
TKUBA Cy NMaxJbuBo ¢ukcupana y kpuomoie ca Killik pukcannonum renom. Kanynu tkusa
cy uysanu Ha -80 °C. TkuBa cy cedena Ha kpuoromy (Leica CM1850 Cryostat, CAJI), npu
yeMy cy mnpaBjbeHH Tpecenn neObuHe 20 um M (ukcupaHu Ha 1uiouunama SuperFrost
(Thermo Scientific, Hemauka). [lazehu nHa opujeHTanMjy TKHBa, NpaBJbeHE CYy cepHje
KOPOHAJTHUX TpeceKka JTyMOATHOT Aeja KMYMEHE MOXKIWHE (IBE KHUBOTHUHEEC MO TPYIH, MET
mpeceka o miodriiy) u kayaainaor mehymosra (stat. Caudal Diencephalon) (ase xuBoTHIbC
[0 TPYIH, JBa mpeceka no miovuik) (ciauka 5). [Ipunpemibere miodniie yyBaHe cy Ha - 20

°C mo mocrynka 6ojera.

A) nym6anHu pervo

5) -4,16 ~ -5,20 mm op 6perme

&

Gy

Cauka 5. CxeMaTckn NMpUKa3 NpUIpeEME€ TKUBHUX MPECCKA KUIMECHE MOKIAUHE U
npeamer Mo3ra.
(A) Koponanuu mpecek nymbaiHor aena kuumene moxxaute. (B) Koponanuu npecex
npeamer Mo3ra (cepuja rnpeceka y peruony -4,16 ~ -5,20 mm ox 6perme). O3naueHe peruje

Ha X/E npecenuma npeacTaBibajy ri1aBHE peruje HCIUTHBAbA.
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IIpe mocrynka Gojema, IodnIe Koje ¢y cknagumrere Ha - 20 °C cy TeMnepupane Ha
cobnoj temneparypu 20 munyTta. Kako Ou ce TkuBa pexuaparucaia U (UKCAIIMOHH Tel
pacTBopHoO, iouuile cy ucnpane y PBS-y (pH = 7,4) 10 munyra. Hakon ucnupama y PBS-y,
wIo4uIe cy uchpane y aectmwioBaHo] HpO um moromsbeHe y pacTBOp XeMaTOKCHIMHA (2
MuHyTa). HakoH 6ojema jenapa XeMaTOKCHIIMHOM, TJIOUYHUIIE Cy UCIIPAHEe HAJIIpPe Y YeCMEHCKO]
BOJIM, 3aTUM Yy JIECTUJIOBAHO] M Ha Kpajy y 96% eranomny. IIpecenu cy o6ojenu eozunom (1
MUHYT) U JACXUJPATUCAHU KAaKO OM ce HaMpaBHO TPajHH IMPECEK cieaehuM pemocienom
pactBapaua: 96% eranon, 100% eranon u kcwion (2-5 MHHYTa y CBakKOM pacTBapaudy).
[TokpoBHO CTakj0 je MOHTHpaHO Ha mouMile KopumhemeM DPX nenka. Hakon cymiema,
npeceny ¢y nmocMarpanu moa Mukpockorom (Leica, LAS v 4.11), na yeenuuamuma 5 X, 10 X,

20 x u 40 x,

Kako Ou ce oxapeamo CTeNeH IeMHjeIMHU3ANM]E, TpermapaTd ITyMOaTHOT Jena
KHYMEHE MOXKIWHE W TMpeamer mosra 0ojenu cy Luxol Fast Blue (LFB ) 6ojom koja 60ju
myjenuH. Ilpenapatu cy Temnepupanu Ha coOHOj TemmepaTypu 20 MHHyTa a IOTOM CYy
pexunparucanu 'y PBS-y (pH = 7,4) 10 munyra. Hakon ucnupamwa y PBS-y, miounie cy
ucnupane y 100% eranony 2 muHyTa, a 3atuM y 95% eranony 2 munyta. I[lnounne cy
notorbere y pactsop 0,05% LFB Goje u unkyOupane 1 car ma 60 °C . Hakon Gojema,
II04HMLe Cy ucnupane y 95% eranony (3 MUHYyTa), a 3aTUM Y AeCTHIOBaHOj BoaU (1 MUHYT).
Haxon tora, 60ja je nqudepenunpana y 0,05% nautujym kap6onaty (30 cexyHau), a 3aTUM CY
mounnie ucnpane y 70% eranony (1 munyT) M y gectwioBaHoj Boau (2 munyta). OBaj
MOCTYIaK MOHOBJBEH j€ JOUI JeJHOM, Kako OM ce cuBa Maca 1To Buile o0e360juina. Ipeceru
Cy JeXUpaTHCAaHU KaKo OM ce HalpaBHO TPajHU Mpecek cieaehuM peaocie oM pacTBapaya:
96% etanoin, 100% etanon u kcuiona (2-5 MUHYTa y CBakoM pacTBapauy). [IokpoBHO cTakiio
je MOoHTHpaHO Ha Iulounne kopumthewem DPX nenka. HakoH cymemwa, mpecemu cy

nocMmarpanu moj mukpockorom (Leica, LAS v 4.11), na yBenuuamwy S x u 10 X,

3.3.6 Excrpakuuja JIHK u3 y3opaka ¢eneca 3a aHajau3y cacTaBa MUKPOOHOTE peBa
CeKBEHIIMPameM Mapkep reda 3a 16S pudozomanny PHK

VY3opmu ¢ereca cakymbeHU cy 3a cBaky rpymy xkuBotuma (K, CFA, Eo, En, Ek,
ETo, ETn, ETk) 3a cBaky BpeMeHCKy Tauky (Mo4eTak, MUK U Kpaj OosecTH). M3omoBame
JIHK ypaheno je mpema ymyTcTBY IMpou3BOohada KOMEpIMjaJIHO JOCTYIMHOI KOMIUIETa 3a
usonoBambe JIHK u3 y3opka dereca (GenEIuteTNI Stool DNA Isolation Kit). Jluzatu cy

MpUIpEMIbEHU Jl0aBakbeM nydepa 3a nu3y Ha 80 Mg cmakor y3opka. HakoH kopaka
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neHrpudyrupama (2 muayta, 14 000 rpm), 600 pL cymepraranTa je mpedadeHo y TyOuIly 3a
enyupawe u jgomato je 100 uL Besyjyher mydepa 1. OnBojeHH 4YBpPCTH OCTald Cy
onctpakenn U y 700 pL cynepHaranTa je gomata jenHaka 3ampemuHa 70% eraHona.
[Mpeunmhenu mm3ar (600 pl) je mpebaven y TyOuiy ca KoioHOM U IeHTpudyrupas je 1
muayT Ha 6000 rpm. IHK koju je Beszan 3a kosioHy je umcmnpan ca 500 uL mydepa 3a
HCIIUpame, KOJIOHA je mpebadeHa y TyoOuiy 3a enyupame u gonaro je 70 pul mydepa 3a
enyupame. Hakon 10-15 munyra, cagpxaj TyOune je uneHtpudyrupan 2 munyra Ha 2000
rpm, a 3atum 1 munyt Ha 14 000 rpm. OBaj Kopak je MoHaBJbaH CBE JIOK YKYITHA 3allpeMUHA
Huje Ouna enyupana. Konrpona kBanutera uzonoane JIHK je nporemena enekrpodopezom
Ha 1% arapo3HoM Teny. Y30pak 3a CBaky IpYIly je IPUIPEMIbEH 3a CEKBEHLIMpame IreHa 3a
16S pudozomanny PHK (pPHK) y xonaunoj konnentparuju JJHK ox 10 ng/ul. Ykonuko je
y HeKkuM y3opiuma konneHntpanuja JJHK 6mna amwka ox 10 ng/ul, y3opuu cy ynapeHu Tako
wto je 60 uL y3opka HHKYOUpaHO y TepMo0ioKy 1,5 h Ha 60 °C 10 nocTH3ama 3anpeMuHe
on 20 pL. 3a caky rpyny xuBotuma (K, CFA, Eo, En, Ex, ETo, ETn u ETk), y3opuu
(geTupu 10 TET KUBOTHIbA 110 TPYIH) Cy OWIH CjequbeH: Y GUHAIHO] 3anpeMuHn ox 50 pl

u cexBenimpanu (Novogene, Benuka bputanuja).

3.4 Kapakrepu3aumja cactaBa u (pyHKIUje MUKPOOHOTE LIpeBa

CekBeHlupawe TeHa Kkoju komupa cuHTesy 16S pPHK kopuctn ce 3a
uaeHTUPUKAIHjy, K1acudukanujy 1 KBaHTU(PUKAIM]y MUKPOOHUX 3ajeHHIIA MPUCYTHUX Y
onrosapajyhem y3opky. 16S pPHK je PHK xommnonenTta 30S cybjenunuiie mpokapruoTCKUX
pubosoma. Crtpykrypa reHa 3a 16S pPHK ojgnmmkyje ce BHCOKO KOH3EpPBHpPAaHHM H
BapMjaOMIIHUM pErMOHKMMA YHja CEKBEHIIA je KapaKTepUCTHYHA 3a o/ipel)eHy MUKpOOHOJIOLIKY
Bpcty. Mmajyhu y Buay na je cTemeH Bapujalije CEKBEHIE y (QYHKIMJU CPOAHOCTU
MUKpOOpraHu3ama, cekBeHIupawe reHa 3a 16S pPHK omoryhaBa wunentuduxanmjy
MHUKpOOHMX TakcoHa [129]. Bucoka koH3epBHpaHOCT oMoryhaBa HICHTU(DHKALH]Y
MHUKpPOOHOI cacTaBa Yy3opka (OakTepuje M apxee), JOK XUIEPBApHjaOMIIHU PETHOHU
omoryhaBajy audepeHnjainnjy TakCoHa YaK M JI0 HUBOa BpcTe (anu Hajuemrhe poma). Y3
OpUMeHy ojaroBapajyhux mnpajMepa, TEXHHKOM JIaHYaHE peakiuje monumepase (eHrJ.
Polimerase Chain Reaction, PCR) ymuoxasa ce JIHK u3 y30pka u reHepuiiry ce aMIIuKOHH
16S pPHK rena koju o0yxBatajy BapujabuiaHe pernoHe. HakoH Tora, yMHOKEHH PETHOH Ce
CeKBEHIIMpa W JoOWjeHa oOuuTaBama C€ aHaIM3Mpajy momohy oarosapajyhux

omonHpopMaTUuKuX anata. JloOWjeHe CEKBEHIIE Ce Jajbe KOPHCTE 3a HUACHTU(UKAIU]Y
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TakcoHa KopuirhemeM oaroBapajyhux 0a3a mojataka Koje Mmoxpamyjy CEeKBEHIIe TeHa 3a 16S

pPHK.

3.4.1 buonndopMaTHUKa aHAJIH3A MOJATAKA J00MjeHUX CeKBeHUHpameM reta 3a 16S

pudozomanny PHK

Kako Ou ce uwcrnurtao yTHId] KOMIUIEKCa BHTaMHHa be Ha TpoMeHe y cacTaBy
MHUKpPOOMOTE  IpeBa  KOJA  TamoBa  ca  CKCIEPUMEHTAIHUM  ayTOMMYHCKHM
eHiedazomujenuTicom, ypaheHo je cekBeHmmpame reHa 3a 16S pPHK momohy Illumina
NovaSeq 6000 mmardpopme. PCR ammaudukanuja ypaheHa je ymorpeOom mpajmepa
obenexxeHux O6ap xoxom 3a V4-V5 Bapujabunne peruone rexa 3a 16S pPHK: 515F (5°-GTG
CCA GCM GCC GCG GTA A-3’) u 907R (5’-CCG TCA ATT CCT TTG AGT TT-3").
YkynHo 672 480 ounTaBama je TEHEPHCAHO M3 OcaM y30paka, ca mpocekom oxa 84 060 + 14
184 yurama no y3opky. Jlobujenu nogamu cy oopahenu kopumtheweM R mporpamckor je3uka
Bepsuje 4.1.2 [130] u xopumhemem Bioconductor 3.14 mporpama [131]. Ilpumenom
Microeco nakera [132], nHeoOpaljeHe cekBeHIle Cy GUATPUPAHE U HAKOH MPOICHE KBATUTETA
ckpahene Ha mayxunHy ox 200 6a3nmx mapoBa. Hakon tora mpumenom DADAZ2 anropurma
VKJIOHCHH Cy JIEJIOBH CEKBEHIIE JIOIIEI KBAJMTETa M XMMEpE 4YMME je TeHepucaHa Taderna

BapHjaHTH CeKBeHIM amIuirnkoHa (enrs. Amplicon Sequence Variants, ASV) [133].

Hakon ykimamama HAKBAIMUTETHUX CEKBEHIW, nooumjeHo je 476 009 umrama ca
orncerom yntama ox 42 311 go 77 952 no y3opky (mpoceuan Opoj unrama 61 554 + 10 924).
TakcoHoMmcka uaeHTudukanuja je ypahena xopumhemeM pedepeHTHe Oasze mojaraka 3a
pPHK, SILVA 138 [134]. /lapa aHanm3a cacTaBa MEKpOOHOTE LIPEBa je W3BEJCHA MPUMEHOM
Microeco nakera 3a R mporpam Bep3uje 0.6.5 u penatuHa 3actymbeHoct ASV je kopumihena
3a KOHCTPYKIHjy Tabena mojaraka ojf HUBoa pasiena j0 HuBoa poxa [132]. Mcnutusane cy
pasiuKe y cacTaBy MHUKpOOHMOTE IpeBa M3Mely eKcliepUMEeHTATHHX TIpyla, a TaKCOHM ca
penaTuBHOM 3acTymibeHomthy HmwkoMm on 0,1% cy OwiM HMCK/bYYeHH W3 aHalu3e.
PaznoBpcHOCT MUKpOOHE 3ajeqHUIE YHYTap U u3Mel)y y3opaka mporemeHa je MmepemeM anda
u Oera MHIEKCa UBEP3UTETa, peaoM. Kao Mepa pa3HONMHMKOCTH anda TuBep3uTeTa H3padyHar
je Shannon-oB unnekc auBep3utera [135], 10K je OeTa pa3HOBPCHOCT MPOLICHEHA U3BOlEeHeM
weighted UniFrac marpune ymamsenoctu [135] umjum cy pesynratu mnpeacTaB/beHa Ha
mujarpamy (enra. Principal Component Analysis, PCoA). Kopenamnuja usmely penatuBhe
3acTymbeHOCTH 50 Haj3acTyIUbEHHjUX POJOBa MHUKPOOpPraHW3aMa M KIMHUYKHX 3HAKOBA

OosecTH yHyTap MCIUTUBAHMX Tpyla JKUBOTHHA, IMPOLEHEHA je M3pauyHaBambeM
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[TupconoBor koedurujenta kopenamnuje. CTaTUCTUYKKM 3HAYajHE PA3IUKE Y 3aCTYIJhEHOCTH
Oaktepuja wu3Mely paznumuuTux y3opaka oxapeheHe cy metastat anammszom, Koja je

uMILieMeHTupana y MiCroeco makery.

3.4.2 OppehuBame pejaTHBHE 3aCTYIUbEHOCTH CEerMEeHTHCAHHUX (PHJIAMEHTO3HUX

O0akTepuja MeToaom kBanTUTaTUBHOr JPCR y peasnom Bpemeny

AHanuza penaTHBHE 3acCTyIUbEHOCTH CErMEHTHCAaHUX (UIAMEHTO3HHX OakTepuja
(COB) ypahena je mpuMeHOM METOJ/Ie KBAaHTUTATUBHE JIAHYAHE PeaKIlhje moJuMepase (SHTII.
quantitative Polymerase-Chain Reaction, gPCR) mpumenom 7500 real-time PCR system
(Applied Biosystems, CAJl) npema mnpotokony mpou3Bohaua FastGene 2X IC Green
Universal ROX (Nippon Genetics, Janan). Ysopuu mzonoBane JIHK wu3 ¢emeca mamosa
gyganu cy Ha -20 °C. Ilpe qPCR anamuse, xouuenrpanuja JIHK u uwmcroha y3opka
npoBepeHa je kopumihemem BioSpec-nano (Shimadzu) ypehaja. Ha ocHoBy m00ujeHux
nojataka o koHnenrpauuju JAHK, cBu y3opiu cy Hopmanususanu Ha 100 ng npe HaHOIIEHa
Ha MHUKPOTHUTApCcKy Iuiody. Y OyHapuhe je HanomeHo ykynno 10 uL master mix-a (5 pL IC
Green, 1 puL Forward mpajmepa, lpL Reverse mpajmepa, pL Rox low 1 uw 2 pL
komiwieMentapue JIHK). IIpumemen je mporpam koju ce cacrojao on Tpu nukiyca: (1)
uHHIMjanHa aeHarypanuja Ha 95 °C tokom 2 munyTta; (2) menarypanuja Ha 95 °C Tokom 5
cekynau; (3) xubpuauzanmja npajmepa u enonranuja Ha 60 °C tokom 30 cexynnu. [Ipajmepu
koju cy Omnm xopumhenu cy Bact 1369 Forward 5°-CGG TGA ATA CGT TCC CGG-3’;
Prok 1492 Reverse 5’-TACGGCTACCTTGTTACGACTT-3’; SFB specific 16S rRNA gene
Forward 5’-AGGAGGAGTCTGCGGCACATTAGC-3’ u Universal 16S rRNA gene Reverse
5’-TCCCCACTGCTGCCTCCCGTAG-3". Cpaku y30paKk je MHCIOUTaH Yy TEXHUYKOM
nymakary. Hopmanusaiuja pesysrara je ypalena y ogaocy Ha pedepertru red (ACtb ren 3a
B-akTWH maloBa KOjU NpPEJCTaB/ba €HJOTEHY KOHTpoiy). Pe3ynraTtu cy mpHKazaHu Kao

~AA
peTaTHBHA 3aCTYIUBEHOCT IeHa Oj MHTepeca mpuMerom 2 metoze.

3.4.3 IIpeaBuhame MeTa00IUYKOT KANAIUTETA MUKPOOHOTE I[PEBA MAINOBA IPUMEHOM
nporpama MicFunPred
Buramunu rpyne be mHayKyjy mpoMeHe y cacTaBy MHKpPOOHOTE IpeBa, YMME ce
nocpenHo ¢aBopHu3yjy MeTaOONMYKe MyTamke MPUCYTHE KOJA AaTux TakcoHa. Jla Ou ce
yTBpAHO edekar KomIuiekca BUTaMHHAa be Ha mpomMeHe y MeTaboNIWYKUM ITyTeBHMa
MUKpOOHE 3ajeHUIle IIpeBa KOJ J>KHBOTHHA KojuMma je uHaykoBaH EAE, ypahena je
OunonHpopMaTHuka aHaimM3a mnpuMeHoM mnporpama MicFunPred [136]. MicFunPred
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npeasuha MeTabOIMYKH KarauTeT MUKpPOOUOTE IpeBa Ha OCHOBY ITO/IaTaKa O JIUBEP3UTETY
W peJaTHUBHO] 3acTYIJbeHOCTH ASV CEKBEHIIM Yy Y30pPKY/TpYNU OJf WHTEpeca, JH0O0HjeHHX
aHaJIM30M II0J]aTaka HAaKOH CeKBeHIMpama reHa 3a 16S pPHK. [136]. Ilpsu kopak je
HOpMaJM3alfja pelaTUBHUX 3aCTYIJBEHOCTH TAKCOHA Y y30pIHMMa U TAKCOHOMCKA aHOTaIja
ASV ceksennu kopuctehu BLAST amropurtam (enrs. Basic Local Alignment Search Tool,
BLAST), y3 mporeHaTr ujaeHTuTeTa nopaBHama > 97% Ha HHBOY poaa. Hopmamm3oBaHa
Tabena peslaTUBHE 3aCTYIJEHOCTH C€ Jajbe KOPUCTWIIA 3a IpeiBuhame IIaBHUX TeHa 3a
crienupUYHN TaKCOH, YKJbY4yjyhu Hexomuko 6a3a nomaraka KEGG Orthology (KO), Cluster
Of Genes (COG), TIGRFAM, Enzyme Commission (EC) u Protein Family (Pfam). ¥V
MOCJIEAEM KOpaKy, 3a npeaBulame MeTaboIHuKuX myTeBa KopuiiheH je MinPath mporpam,
Kako Ou ce m30erie/MUHMMHU30Baje NOTPEIIHe MpoleHe MeTabonykux myreBa. Kopucrehun
KOH3epBaTUBHHjU npuctyn, MinPath mnporpam naje mnporeHy MUHMMaIHOT Opoja
MeTa0OJMYKHUX IyTeBa JOBOJHHUX Jla OMHUIIY HPUCYTBO onpeheHor Meraboyiuta y y30pKy
[136]. Ha ocHoBy moOHjeHMX mojaTaka, 3a MPHKa3 pe3yirara Cy oJabpaHd METaOOTUYKH
MyTeBU 4YHje Cy MpOMeHe acouupane ca uHpIamanujom u pasBojeM MC-e. PesynraTtu
MPHUKa3aHd Kao peNIaTHBHE 3aCTYIJBEHOCTH METAaOOJIMYKUX MyTeBa Cy HOPMAJIM30BaHU Y
OJTHOCY Ha KOHTPOJIY | TpeACTaBIbeH! Kao L0Q2 opHOCAa BPEIHOCTH 32 TECT IPYIY Y OJHOCY
Ha KoHTponHy rpyny (enrn. Log2 Fold Change, Log2FC). 3a mopeleme peraTHBHUX
3aCTYIJBEHOCTH TpeABUl)eHuX MeTaboNIMUYKUX IyTeBa u3Mely pa3lnyuTHX rpyna TOKOM
nporpecuje Oosiectu, npuMermeHa je LefSe (enrn. Linear discriminant analysis (LDA) effect
size, LEfSe) CTaTHCTUYKA aHaiM3a kopuctehu Galaxy wiathopmy

(https://huttenhower.sph.harvard.edu/galaxy/).

3.5 In vitro anaim3a yrumaja kommjekca ButamMmuHa Be Ha ¢yHkumje
hesquja MuKpor/inje u HeypoHa

3.5.1 KyaruBaumja heaujckux Junuja

Kaxo Ou ce ucnuranu egextu komiuiekca ButamMmuHa be Ha Metaboianuky akTuBHOCT-
hemja m ®WuUXOBe (QyHKIHWje, KyITHBHUCaHe Cy JnaBe hemmjcke smaUje — BV2 (mmmja
mukpornuja) u SH-SYSY (hemmje Heypona uoBeka). HakoH onMmp3aBama, hemmje cy
pecycnennoBane y 10 mL xomruieTHor Menujyma u neHtpudyrupane 5 munyra Ha 1640 rpm.
Tenujcku Tasor je 3aTuM MakJbUBO pecyclneHaoBaH y 2 ML kommieTHor menujyma. Y
3aBHCHOCTH OJ1 BEUXOBOT Opoja, henuje cy 3acejane Ha ¢iackoBe oArosapajyhe moppimune T-

25 (25 cm?) u T-75 (75 cm?). henujcke nuHuje cy onpkaBaHe Yy KOMIUIETHOM MEIUjyMy 3a
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henujcky xyntypy Ha 37 °C, y BnaxHo] atmocdepu ca 5% CO,. KommnetHun menujym 3a
henujcky kynrypy cactojao ce on RPMI 1640 meaujyma ca 10% unaktuBupanor FBS-a, 1%
rmykoze W 1%  aHTHOMOTHKAa (MEHMUWIMH/CTpenToMHIMH). HakoH  ngocTu3ama
KOH(IIYEeHTHOCTH, OJHOCHO (hopmupama henujckor MoHocnoja Koju mokpuBa oko 80%
noBpinHe (iacka, hemuje cy macaxupane. M3 ¢iacka y kojem cy henuje KyJlTHBHUCaHE,
OJUTMBEH je MenujyM U ¢uack je ucnpan 3 nmyta PBS-om. ¥V ¢uack je nomar 0,25 % pactBop
tpunicuH-EDTA (2 mL 3a mamu, T25 ¢uack u 4 mL 3a Behu, T75 duack) u henuje cy
nHkyoupane Ha 37 °C 2-5 munyra. [locne mHKyOanmje, 0JHOCHO OJUIeTJbUBama henuja ca
nHa (racka, 1oAaT je KOMIUIETHH MEIUjyM Kako OW ce MHaKTUBHpao TpurcuH (4 mL 3a
Mawu, T25 ¢mack u 8 mL 3a Behu, T75 ¢nack). Canpxkaj je mpebadeH y TyOuie u
neHtpudyrupas je S muayra Ha 1800 rpm. Hakon omymBama cynepHaTanTa, heiamjcku Tajgor
je pecycnienaoBan y 1 mL xommuterHor menujyma. HakoH pecyrnenaoBama henmjckor Taiora,
20 pL henujcke cycnensuje je pazdnaxeno ca 180 pL pactBopa Tpumnas miaaBor Kako Ou ce
oapenuo Opoj >kMBHUX henuja 3a 3acejaBamkbe U IOCTaBKY €KCIIEPHUMEHTa. YIOTpeOoM
XeMoIToMeTpa, henuje cy n3dpojane 1moja CBETIOCHUM MUKPOCKOIIOM U M3pakeHe Kao Opoj

henuja mo MUIMIUTPY CyCHIeH3H]e.

3.5.2 AxtuBauuja BV2 henuja u Tperman komiiekcom Butamuna be

3a ucnutuBame edekTa KoMmIuiekca BuTamMmuHa be Ha ¢QyHkiuje henuja Muxkporiuje
kopumthene cy BV2 henmje, kao 100po okapakTepucaH ¥ HIMPOKO KOPUIITNEH MOJAET CUCTEM
3a HCIHTHBAKE Mpoleca HeypouHdaamammje. hemmje cy 3acejane (100 pL 1x10* hemuja mo
OyHapuhy) Ha MHUKpPOTHTAapcKy miody ca 96 Oynapuha. 3a crumynaumjy BV2 henmja
kopuihen je JIIIC (mopekiom u3 E.coli) y ¢punannoj konuenrpamuju ox 10 ng/mL. Hakon
24 h, xama cy hemuje mocrturie koHduyeHTHOCT, ctumynucane cy JIIIC-om (50 pL mo
OyHapuhy), TpeTUpaHe pa3IMYUTHM KOHLEHTpalMjaMa Komiuiekca Butamuua be (50 pL mo
Oynapuhy) u naKyOupane jom 48 h. 3a tperman BV2 henuja xopuctuie cy ce Tpu paziuyure
KOHIIEHTpalje KoMiuiekca BuTamuHa be. Paszomaxema (Cl, C2 u C3) cy HanpaBibeHA Y
OJIHOCY Ha KOHIIEHTpalujy ButamuHa bel, mok cy konueHTtpamuje octanmmnx be BuTammnaa
IpepayyHaTe Ha OCHOBY IMO3HATHUX KOHIIEHTpaIMja MPUCYTHUX Yy KoMILIekcy (Ttabena 3). Kao
KOHTpoJa kopuirhene cy henuje crumynucane camo JIIIC-oM, KynTHBHCAaHE Y KOMILJIETHOM

MEINjyMy.
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Ta6ena 3. Konnenrpanuje koMmijiekca ButamuHa be kopuirhenux 3a in vitro

aHaIN3Yy.

be Butamunu C1 (upM) C2 (uM) C3 (uM)

Be; 50 100 250

Be; 3,52 7,04 17,62

Be; 344 688 1720

Bes 8,84 17,68 44,22

Beg 16,36 32,72 81,80

Be 1,24x10° 248x10° 6,22x10°

3.5.3 OnpehuBame metaboruuke akTuBHOCTH hesimja MTT Tectom

Edextu xommnekca ButamuHa be na merabonunuky aktuBHocT-henuja oapehenu cy
MTT konopumerpujckuMm TecToM. Koa MeTabolMyKkyd akTUBHUX hendja, y MPUCYCTBY
mutoxoHapujaHor  ensuMa  NADPH-zaBucae  oxcupopenmykraze, MTT —  xkyra
TETPa30JIMjyMOBa CO PEAyKYyje ce y jelnberbe Jbyoruacte 6oje — popmaszan [137]. Konnunna
POAYKOBaHOT (hopMa3aHa, OJHOCHO MHTEH3UTET JbyOMuacTe 00je, MPONOpIHOHANAH je
nporeHTy (%) merabonuuku akTuBHUX henuja. HakoH mepuoma mukyOanuje ox 48 h, us
cBakor Oynapuha je ommuBeno 100 pL memmujyma u gomato je 10 ubL MTT pactBopa (5
mg/mL). Hakon 3 h uaky6anuje (na 37 °C y Bnaxuoj armocdepu ca 5% CO,), noxaro je 100
puL 10% SDS ca 1 N xJIOpOBOJOHMYHOM KHCEJIMHOM 3a 3aycCTaBjbame peakiuje. Hakon
pacTBapama NMpEelUNUTUPAHUX KpHcTana ¢opmaszaHa, arncopbaHua je uamepeHa Ha 540 nm
ynotrpeboM ayToMarckor yuTada arncopbaniu 3a mumkpotutapcke twiode (LKB 5060-006,
LKB Instruments, Ayctpuja). Pesynrtatu cy npeacraBibeHH Kao % MeTabO0JIMYKe aKTUBHOCTH
(JemaH penpe3eHTaTUBAaH EKCIEPUMEHT OJ] TPH HE3aBHCHA eKClepuMeHTa, paheHux y
KBAaTPUILUIMKATY), Y OAHOCY Ha HecTUMynMcaHe henuje ymja je MeTaOoJMYKa aKTUBHOCT

o3HaueHa kao 100%.

3.5.4 OnpehuBame npoaykuuje peakTuBHUX Bpcra knceonnka HBT tecrom

Edekar xommiekca BuUTamMuHa be Ha MpOAYKIHMjy pEakTUBHHX BpPCTa KHUCEOHHMKaA
(POK) ucnuran je npumenom HBT tectra. HBT je koiopuMeTpHjcKku TECT KOjU Ce KOPHCTH 3a
onpehusame npoaykiuje POK (02, HO' u H;0,). ¥V npucyctsy POK, HBT — xyTo 06ojena

CO, PeNyKyje ce y jeaumberme Jbyondacte 60je — popmasan. Konmunna nqodujeHor ¢popmasana,
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OJTHOCHO MHTEH3UTET JbyOnuacte 60je, mMponopiroHagaHa je KOHIIEHTPAIHM]H MPOAyKOBaHUX
POK [138]. IlocraBka ekcreprMeHTa Onia je WACHTHYHA OHOj Koja je Kopuinhena 3a MTT
tect. Hakon mHkyOanuje on 48 h, u3 cakor Oynapuha ommseno je 100 pL meaujyma u
noxaro je 10 uL HBT pacrtBopa (5 mg/mL). Hakon 3 h unky6anmje (Ha 37 °C y BIaXHO]
atMoctepu ca 5% COy), noaaro je 100 uL 10% SDS ca 1 N XJ0pOBOJOHUYHOM KHUCEIUHOM
3a 3aycTaBjbame peaknuje. HakoH pacTBapama NpEHUIUTHpPAHUX KpucTaia (opmasaHa,
MepeHa je amcopOanma Ha 540 nm ymoTpeOOM ayTOMAaTCKOr YWTada arcopOaHiy 3a
mukporurapcke mmioue (LKB 5060-006, LKB Instruments, Ayctpuja). Pesymratu cy
n3pakeHu kao cpeama BpenHoct HBT muaekca, n3padyHara nmpema arncopOaHiiama y3opaka
paheHux y KBaTpUIUIMKaTy (jeJaH pEnpe3cHTaTUBAH EKCIIEPUMEHT O]l TPU HE3aBHCHA

EKCIIEPUMEHTA), Y OJJTHOCY Ha HeCTUMYyJucaHe henuje 4yuju je mHIeKC 03HaYeH Kao 1.

3.5.5 OnpehuBame npoaykumje a30T-MoHoKcH1a (HUTPUTA) Griess-oBUM TeCTOM

Edekar komiiekca ButamuHa be Ha npoaykuujy azor-moHokcuaa (NO) ucnutuBan
je mpumenom Griess-oBor tecta. [Ipunimn Griess-oBe peakiiyje 3acHHBAa C€ Ha MEPCHY
KOHIICHTpAIlMje HUTPHUTA, Kao Kpajier npoaykra kparkoxuseher NO. Griess-oB peareHe ce
cactoju of aBe komrnonente, N-1-HadTruieTnaeHAMaMIH-IUXUIPOXIIOPHT PACTBOPEH Y BOAU
(pearenc A) u cyndanmnamug y 5% docdopnoj kucenunu (pearenc b). Hakon nepuona
unkyoarmje ox 48 h, y 50 uL cynepuaranta je momato 50 puL Griess-oBor pearenca (A:b =
1:1). Hakon 10 munyTa nHKyOaIfje y MpaKky, MepeHa je arcopOaHiia pacTBOpa Ha TajlacHO]
OykMHU 071 520 nm, yrnoTpeboM ayTOMaTCKOT YMTaya arncopOaHIy 332 MUKPOTUTApCKE II04e
(LKB 5060-006, LKB Instruments, Aycrpuja). YKOJIUKO Cy Yy y30pKYy MPUCYTHH HUTPUTHH
JOHU JMoJ1a3u 70 (QopMHupama AUA30HUJYM COJIM M PYKHMYACTOT 000jera pacTBOpa UUjH je
WHTECH3UTET JUPEKTHO MPOMOPIOHANIAH KOHIIEHTPAIlUj! HUTPUTA Y HCITUTHBAHOM Y30pPKY, a
UHIUPEKTHO KoHIeHTpauuju mpoxykoBaHor NO [139]. Pesynaratu cy mpeacTaB/beHH Kao
koHnenrpauuja NO wm3paxena y puM  (jemaH pemnpe3eHTaTHBaH EKCHEPUMEHT O] TpH
HE3aBUCHA eKCIepUMeHTa, pal)eHHX Yy KBaTpUIUIMKATy), y OJHOCY Ha KOHTPOIY,

HecTUMyJHcaHe henuje.

3.5.6 Mopgen Ttpancdepa cynepHaTtaHatra Tperupanux BV2 heauja HeypoHckum
henujama

Edexar xommuiekca ButamuHa be Ha MeTa0OIMUKy aKTMBHOCT HEypOHA HCIHUTAaH je
mpUMEHOM Mojena TpaHcdepa cyrnepHaraHara hemujcke kyatype [139]. ¥V oBom mogmeny,

CyNEepHaTaHT KOjU Cagp>KU CONyOWJIIHE MpoaykTe cekperoBane ojn crpaHe JIIIC-om
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aKTUBUpPAHE MUKPOTJIMje, Y IPUCYCTBY M Y OJICYCTBY KOMIUIEKCa BUTaMHHa be, mpeHocH ce
HeypoHckuM henujama. Edekar cynepHaTaHTa Ky/lIType ¥ MOTEHIHjajlHa HEYPOIIPOTCKTHBHA
aKTUBHOCT KOMIUJIEKCa BHUTaMHHa be mporemeHa je MepemeM MeTaOoJM4Ke aKTHUBHOCTU
Heypona. Hakon tpermana JIIIC-om ctumynucanux BV2 henuja xomriekcom ButamuHa be
(kao mTO je omumcaHo y moriaBby 3.5.2), 100 plL cymepHaranta je npebaueHo Yy
MUKPOTUTApPCKY IIouy ca 96 OyHapuwha, 3acejany HeypoHckuMm hemmjama SH-SYSY (y
rycrinn ox 1x10* henmja o Gysapuhy). MukpoTrTapeke miode ¢y nakyOupane 24 h (37 °C,
5% CO,) u 3atum je oapehena metaboruka akTHBHOCT HaypoHa mpuMeHoM MTT Tecra (kao

IITO j€ OMHCaHO yrmoriasiby 3.5.3).

3.5.7 OnpehuBame npoaykumje unroknna ELISA Ttectom

Edexar kommuiekca ButamuHa be Ha mpoaykumjy npo-uHGIaAMaTOPHUX HUTOKHHA
TNF-a u IL-6 on crpane JIIIC-om ctumynucanux henuja MHKpPOTJMje HCIUTHBAH je
NPUMEHOM EH3MMCKOT HMyHocopOeHTHOr Tecta (eHrn. Enzyme-Linked Immunosorbent
Assay, ELISA). ELISA TecroBu omoryhaBajy IETEKIMjy aHTUICHA/aHTHTENA Y TCYHHM
y30pIMa TPUMEHOM crelupuuHor aHtuTena odenexeHor ensumom [140]. Ipunimn
BHU3yeJH3alMjeé 3aCHHMBAa Ce€ Ha IMPOMEHU 0oje CylcTpaTa MOJ J€jCTBOM €H3MMa Koja ce
JeTekTyje Ha crnekTpodoTtomerpy. McnutuBanu y3zopuu Ownn cy cynepHarantu JIIIC-om
CTUMYJIMCAHUX hennja MUKpOIIMje, Ka0 U CyNepHAaTaHTH CTUMYJMCAaHUX henrja MUKpOTje
TpeTHUpaHUX BUTaMHHHMA be koMIekca. ¥ 0BOM TecTy NpUMEHEHa je TUPEKTHA ,,CeHIBUY
ELISA, y x0joj je MUKpoTUTapcKa I104a 00Jio’keHa XBaTajyhuM aHTUTENIOM Koje Mperno3Haje
eMUTOIN MCIIMTUBAHOI aHTUTeHA 0]l nHTepeca. /leTektyjyhe aHTUTENO KOje Mperno3Haje Jpyru
€MUTOIl UCTOT aHTUI€Ha, OOEJIeKEHO je €H3MMOM, IITO oMoryhaBa JeTeKlM]y aHTHI€Ha Yy

WCIIUTUBAHOM Y30DPKY, Y3 JIofaTak oAroBapajyher cymcrpara.

3a oxapehuBame HuBoa |L-6 mMTOKMHA, MHKpoTMTapcka miaoda ca 96 Oynapuha
obnoxxeHa je xBatajyhum anturenom (100 pL mo O6ynapuhy) pasdnaxenum 1:120 y PBS-y,
7oK je 3a oapehuBame HuUBoa TNF-o murokmHa, xBatajyhe antuteno pasbnaxkeHo 1:125 y
PBS-y. Hakon unky6anuje npeko Hohu Ha +4 °C, mioue cy ucnpane my(hepoM 3a UCIUPAbEe
(3 x 200 pL 0,05% Tween 20/PBS). 3a carypaiujy Imiode, OIHOCHO OJOKHpame
HecrenMPUIHUX MecTa BesuBama, gogato je 200 pL 1% BSA/PBS mno Oynapuhy wu
uHKyOoupano 1 h Ha cobHoj TemmnepaTypu. Hakon ncnupama mioda mydepom 3a ucnupame, y
Oynapuhe cy HanmuBeHu y3opuu wiam cranaapau (100 pL) u mmova je makyOupana 2 h nHa

cobnoj temmeparypu. Cranmapa 3a TNF-a mutokwn je mpunpemsben y omcery 31,3-2000
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pg/mL, nok je crammapxa 3a IL-6 mumrtokwH TectmpaH y omcery 15,6-1000 pg/mL. Hakon
MMOHOBHOT HCIIHpama, y OyHapuhe je HamuBeHo 100 pL aHTHTENna KOHjJyroBaHOT OMOTHHOM,
pazomnaxenor 1:60 y 1% BSA/PBS u mnoua je unkyOupana 2 h Ha coOHOj Temmeparypu.
Haxon ucnupama mioua nydepom 3a ucnupame, noaat je CrpentABuann-HRP paz6naxen
1:40 y 1% BSA/PBS u unkyoupan 20 muHyTa Ha cCOOHOj Temmneparypu. HakoH ucnupama, y
oynapuhe Hanmuseno je 100 pL TMB cyncrpara (3,3',5,5'-reTpaMeTHIIOCH3HINH) U TUIOYA j€
nHKyOupana y Mpaxky. HakoH passujama 60je, peakuyja je npekunyra HainuameM 50 pL 2N
H,SO, y Oynapuhe. [Ipexkunom peakiuje, arncopOaHiia HacTajaor XyTo 000jeHOr pacTBOpa

MepeHa je Ha 450 nm Ha cnekrpodoTomerpy (LKB 5060-006, LKB Instruments, Ayctpuja).

3.5.8 ®enoruncka anaausa heaunja npoTouHoM HUTOJIYOPHUMETPHjOM

dnyopecuientHo coprupame henuja (enrin. Fluorescence-Activated Cell Sorting,
FACS) omoryhaBa KBaHTUTAaTUBHO COpPTUpalme€ henuja HA OCHOBY cClieHU(DUYHUX
KapakTepucTuka cBake henuje (BemumumHa/crnokeHocT-henuja) u mpyxka uHbopmaiuje o
nocrojehum nmpoMeHama y exnpecuju oarorapajyhux mapkepa. [IpuHuun ananuse 3acHUBa ce
Ha (yopecrieHTHOM o0elnekaBamy MOBpIIMHE henvja WM WHTpaIenyJapHUX CTPYKTypa
ynotpeOoM aHTUTeNna obenexkeHux onarorapajyhom dmyopoxpomom. OBako obernexeHe
henuje y cycneHsuju mpoJiaze Kpo3 KaHall y CTpyju TEUHOCTH (MJlazy) Kpo3 KOjU Ipoja3u
jellaH WM BHUIIIE JIACEPCKUX CHOIMOBA. Mepeme eMUTOBaHE CBETIIOCTH ((iIyopecieHIu]e) ce
neTekTyje momMohy (GOTOMYITHIUIMKATOPCKUX II€BM HAKOH 4Yera Ce€ CUTHAIM YYUTaBaJy U

obpalyyjy oxrosapajyhium coprBepom [141].

Kako 6u ce ucnurtao edekar koMmisiekca BuTamMuHa be Ha ekcripecujy crnenupuyHux
MOBPIIMHCKUX U MHTpaleayIapHuX Mapkepa npucyTHux ko JIIIC-om ctumynucanux henuja
MUKporiuje, ypaheHa je QeHOTHIICKa aHalu3a MNPUMEHOM MPOTOYHE IUTOMETpHje.
deHoTHIICKA aHATTM3a KOMIUIEKCOM BUTaMuHa be Tpernpanux hemmja Mukporimje n3BeneHa
je va BD LSRII nporounom nutomerpy (BD Biosciences). Hakon mocrtyrka TpurncuHu3anmje,
npurnpembeHe cy henujcke cycnensuje. IIpe mocrynka 6ojema henuja, henuje cy ucnpane
jenaom y PBS-y u unkyOupane y npucyctBy 2% muiijer cepyma Tokom 15 munyra Ha 4 °C.
3a moctynak HOBpUIMHCKOT 0ojema, henuje cy mHKyOupaHe ca aHTUTEIUMa MPUIPEMIbEHUM
y mpenopydeHum pazonaxemuma y PBS-y koju je caapkao 0,01% NaN3 (tabena 4). 3a
JIeTEeKLIN]y UHTpalLelyJlapHuX Mapkepa, henuje cy Jajbe NpUInpemMibeHe NMpemMa YIyTCTBY U3
KOMEpIHjaJIHO JOCTYIHOT KOMIUIeTa 3a ¢pukcanujy u nepmeadbunuzauujy (R&D Systems) ca

aHTUTEIUMa IPUMIPEMIBEHUM Yy IIpEenopydeHnM paz0iaxkemnMma (Tadbena 4). Hakon ucnmupama
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hemja y PBS-y, henuje cy pecycnengoBane y 0,5 mL ¢ukcannonor mydepa u nHKyOupane
tokoM 20 munyta. Hakon ¢ukcamnuje, henuje cy ucnpane u mpoxato je 100 pL mydepa 3a
nepMeaduIn3anyjy. 3aTuM Cy J1oaTa aHTUTeNa y oarosapajyhoj konmenTpanuju u henmje cy
nnkyoupane Tokom 30 munyta Ha 4 °C. Hakon unky6anuje, henuje cy ucnpane mydepom 3a
nepMeadbmIM3anyjy. 3a cBaky aHaim3y ojabpano je Bume ox 10 000 hennja npema BUXOBUM
cnenupuuaum SSC/FSC crojcrBuma (enrit. Side-scatter, SSC; Forward-scatter, FSC), y3
ykiamame ayornera. [Ipexmaname curnana usmely kaHajga je KOMIIEH30BaHO IIp€ CBAaKOT
EKCIIepUMEHTa KOpHUIIhemheM TOojeIMHAYHNX OOeNekeHuX henuja;  HecnenugpuiHa
dbayopecnienimja je oapeheHa kopumihemeM OAroBapajyhux HM30THUIICKMX KOHTpPOJa Kao U
KOHTpOJIa 32 BUIIECTPyKa 000jema Koje 00yxBarajy cBe QyopoxpoMe Koje Cy ce KOPUCTUIIE

(erran. Fluorochrome minus one control).

Ta6ena 4. Kapaktepuctuke kopumheHnx aHTuTeNa 32 PEHOTHIICKY aHAINU3Y IIPUMEHOM

MIPOTOYHE IHUTOMETPH]E.

Dj1yopecueHTHH
Cneuuduynoct ] Hopexno/U3orun  Ilpoussohau
KOHjyrar
CX3CR1 Phycoerythrin Cyanine PE-Cy7 Mum/IgG2a, BioLegend
Arginase | Phycoerythrin Cyanine PE-Cy7  Mum/IgG2b, BioLegend
Ly-6C Alexa Fluor 647 [Manos/IgG2c, k BioLegend
CD85k Alexa Fluor 647 Muny/IgG1, BioLegend
CD11b Phycoerythrin Cyanine PE-Cy7 Tlamos/IgG2b, BioLegend
CD11c Allophycocyanin APC-Cy7 Xpuak/ IgG BioLegend
CD86 Phycoerythrin Cyanine PE-Cy5 Tlamos/IgG2a, eBioscience
CD86 Allophycocyanin (APC) [Manos/IgG2a, k Invitrogen
CD163 Phycoerythrin (PE) 3e/IgG Bioss
IL-4 Alexa Fluor 488 [Mamos/IgG1, BioLegend
Cell Signalling
NRF2 Alexa Fluor 488 3er/IgG
Technology
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Tabena 5. Kapakrepuctuke KOpHIINEHUX H3OTHUIICKMX KOHTpOJIa 3a (DEHOTHUIICKY aHaU3y

MPUMEHOM IPOTOYHE LIUTOMETPH)E.

AHTHTEN0 (I)JIyope'cueHT}m Hopexao/U3oTtun Ilpoussohau
KOH)yrat
1gG1 Phycoerythrin (PE) Mumr/IgG1, « BioLegend
1gG1 Peridinin-Chlorophyll-Protein (PerCP) Munr/1gG1, « BioLegend
19G1 Allophycocyanin (APC) Mumr/IgG1, « BioLegend
19G1 APC-Cyanine7 (Cy7) Mumr/IgG1, « BioLegend
IgG1 Alexa Fluor 488 Mumr/IgG1, « Invitrogen
IgG1 PE-Cy7 Mumr/IgG1l Invitrogen

3.6 MoJiekyJCKH JOKUHT

Monekyacki JOKMHI je TeXHHMKa Koja omoryhaBa mpenBubhame MexaHU3Ma
uHTepakuuja usmely nBa win Buuie Mosiekyna. Ha ocHOBY aHanmm3e MOJIEKYJICKOT JOKUHIA
Moryhe je MpOoLEHUTH jaunHy WHTepakiuja 1 Moryhux koHpopmanuja n3Mel)y HCOUTHBaHOT
JUTaHja U nporeuHa o] uHTepeca. Ha oBaj HauuH Mory ce omaOpaTu JUraHAu KOjU UMajy
HAjIIOBOJbHM]E€ CTPYKTYpHE M EHEpPreTcke KapakKTepHCTUKe 3a (QopMupame CTaOUIHOT

KOMITJIEKCa Ca HCITUTHBAHUM NIpOoTenHOM [142].

3.6.1 Ilpunpema npoTeMHa U JUTAHAJA 32 AHAJIU3Y

VY musby yTBphHBama MOTEHLMjAIHOT aHTH-MH(IAMAaTOPHOI MeXaHH3Ma JeJO0Bama
KoMIUIekca BUTaMuHa be, ypaheHa je aHanuza MoJsieKyJCKOr JAoKuHra. lcmnurtane cy
WHTEpaKIje CTPYKTYPHO pa3IMYUTHX BHUTaMHHa be ca aKTHBHMM MeCTOM NpOTeWHa
ykibydeHux y JIIIC-om uHAykoBaH curHaiHM NOyT akTuBanuje henmuja Mukporiuje. Ha
OCHOBY aHaJIM3€ MOJIEKYJCKOT JOKWHTa, npeaBuleH je adhuHUTET Be3uBama BUTaMHMHA be
KOMIIJIEKCAa ¥ aMUHOKHCEIMHCKUX OCTaTaka akTUBHHMX MecTa mporeuHa oj mHTepeca: JIIIC-
Be3yjyhu mporeun (eurit. LPS-binding protein, LBP; Protein Data Bank identifier (PDB ID):
4MA4D), knacrep mudepennujarmje 14 (enrn. Claster of differentitation, CD14; PDB ID:
1IWWL), peuenrtop cauuan Toll-y 4/mujenounnu daxrop audepeHnmjanmje 2 KOMILIEKC
(eurn. Toll like receptor, TLR4/Myeloid factor of differentiation, MD2; PDB ID: 3VQ2) u

uHAynuOMITHA a30T okcrasa (edri. Inducible nitric oxide synthase, iINOS; PDB ID: 1QW4).
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TpoauMeH3nOHATHE CTPYKTYpe MPOTEHHA KOPUIITNEHUX 3a OBY aHAIU3Y IMpey3eTe Cy
n3 0Oa3e koja campxku moxarake o 3D crTpykrypu Omosomkux Makpomosiekyia — RCSB
Protein Data Bank (www.rcsbh.org) y .pdb dopmary. Ilpe ananuse mnporeuHu cy
npunpemsbenn y nporpamy BIOVIA Discovery Studio 2021 [143], Tako mTO Cy YKIOHCHU
CBH JIMT@H/M, MOJICKYJIH BOJC U KO(PAKTOPH, OK CYy AaMHHOKHCEIMHCKH OCTAalll KOjU CY
uenocrajanu (y ciydajy CD14 nporenna) momaBanu y mporpamy Modeller 10.1 [144]. 3a
NoJICIIaBabe MPOTOHAIM]e XUCTUMHA Y CKiIaay ca pH excriepuMenTa, 101aBambe MOIApHUX
Bononnka u Kollman-oBux HaenekTpucama mnporenmHuma mnpumerseH je AutoDockTools

(4DT) mporpawm [145].

CBe ucnuTHBaHe CTPYKType BuTamuHa be mpeysere cy y .sdf dopmaruma wu3

PubChem (https://pubchem.ncbi.nlm.nih.gov/) 6a3e moxartaka, 10K je CTPYKTypa 3a BUTAMUH

bel2 mpeysera u3 RCSB Protein Data Bank 6a3e momaraka (PDB ID: 5YSC). I'eomerpuja
JWraHaga je gogaTHo onTumm3oBaHa npumenom UFF  (emrm.  Universal  Force
Field) ummnementupanor y Avogadro codrsepy. EHepruje nmuranana cy MUHUMH30BaHE Kako
OU ce OCHTypasio Jia Ce CHEPreTCKU HajHM)Ka CTPYKTYpa KOPHUCTHU 3a aHaJIHM3y MOJIEKYJICKOT
nokunra, a (Gasteiger-opa HaelleKTpHcama Cy Jjgojata JjurapauMa kopuinmhemem ADT

rpaduukor uarepdejca [145].

3.6.2 JloxkuHr mpoueaypa

Cumyraiyja MoJeKyJIicKor JokuHra pahena je y codpreepy AutoDock (Bepsuja 4.2.6)
onpemsbeHUM ADT rpaduukum wunrepdejcom. Ilpe came ananmse, 3a CBaKu NPOTEUH
moJiellieHe Cy JauMeH3uje koopauHatHe wmpeke (enrt. Gridbox) mnpema mosuimjama
aMMHOKHUCeNIMHa yKibydeHux y BesuBawme JIIIC-a (N- u C-tepmunanuu pervon LBP u CD14
nporeuna; A, B u C nananr TLR4/MD2 kommekca), kao u aktuBHO Mecto INOS ensuma. 3a
LBP N-tepmunan xoopamnare cy Oumne (X= -13,959, Y= -47,977, Z= 101,043) u C-
tepmuHan (X= 41,7, Y= -9,01, Z= 15,376); 3a CD14 N- tepmunan (X= 21,823, Y= 47,800,
Z= -5,189) u C- tepmunan (X= 14,392, Y= 11,095, Z= 11,885); 3a TLR4/MD2X= -28,830,
Y=-15,412, Z= 22,638 u 3a INOS (X=-55,258, Y= 135,368, Z=43,323). 3a LBP, TLR4/MD2
u INOS 1uMensuje X, Y u Z koopauHaTHe Mpexe oune cy 60 A x 60 A x 60 A, nox cy 3a
CD14 6une 70 A x 70 A x 70 A, ca taukama Ha ynameHocTu o1 0,375 A. 360r KoMmiexcHe
CTpyKType BUTaMuHa Bel2 numensuje X, Y ¥ Z KOOpAMHATHE Mpexke cy nosehane Ha 90 A x
90 A x 90 A xama je y mutamy OBaj BUTaMMH. 3a CBAaKM HCIMTHBaHM BHTAMMH be,

cumynupano je 200 pazmuautux KoH(pOpMAaIHja, JTOK Cy CBU OCTaIM MapaMeTpH IMOACIICHU
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Ha TMMoJpa3yMeBaHe BPEIHOCTH. 3a oJpehuBame €HEePreTCKU HaJIOBOJFHUjMX KOH(pOpMaIHja
UCIUTHBaHUX BHTaMUHA be KOMIUIEKca M aKTHBHOI MeCTa HWCIHUTHBAaHUX IIPOTEHHA,
kopuiithen je Lamarckian-oB reHeTcku ajaropuram, HaKOH 4era cy ogabpaHe KoH(opmaliuje
ca HajHMKOM CHeprujoM aodmjeHoM 3a HajBehu Opoj kiacrepa. JloOwjeHW pe3ynTatu Cy
aHaIM3upaHd u BusyenausoBanu kopuinhemem BIOVIA Discovery Studio 2021 u ADT
nporpama. Kako Ou ce moTBpania BAIMAHOCT pe3yliTaTa, U3BelleHa je aHAIN3a MOJICKYJICKOT
JOKWHTa JIMTaH/la KOjH Cy NMPHCYTHU y KpuctanHoj crpykrypu LBP, TLR4/MD2 u INOS
nporenHa (1,2-muarn-sn-roumepo-3-gochoxonmn  3a  LBP, 2-meoxcu- 3-O-(3P)-3-
XuApoKcuTeTpaaekanoni|-2-(3P)-3-xuapokcurerpanekanonsiaMuao-4-0O dbocdono-p-D-
rnykonupano3a 3a TLR4/MD2 u N-omera- npommi-L-aprunun 3a iINOS), mpema rope
omucaHoM rmnpotokony [146]. Hakon Tora, u3pauyHata je BpPEIHOCT KOpEHA CpeIber
KBagpara ojcrymama (enrir. Root Mean Square Deviation, RMSD) usmel)y ,,iokoBane™ u
KpUCTaiHe KoH(popMmaluje. Y pe3yiratuma Ccy MmpelcTaBbeHe Bpennoctu ['ubcoBe cioboHe
eHepruje BesuBama jauranna (AG) u koncranta uuaxuOunuje (Ki). Crnobomna I'mbcoBa
€Hepryja ce 4ecTo KOPHUCTH 3a TMPOLEHY jauyrMHe Be3uBama M3Mel)y Mosekyna iuranjga u
UJBHOT TPOTEHHA. Y3 BpeaHocT [mbcoBe eHepruje, Kao Mepa MPOLEHE CTA0MIHOCTH
dbopMupaHOr KOMILICKCa KOPHUCTH ce M KoHcranta uuxuoOuimje (Ki) koja mpeacrtaBiba
napameTap Koju ONMCyje jauMHy Be3uBama u3Mely peuenTtopa u ojarosapajyher nuraszaa.
Bucoka Bpeanoct Ki ykasyje Ha cabo Be3uWBame JIUTaHa 3a IUJBHHU MPOTEHH, JTOK HHCKa

BpeaHocT Ki ykasyje Ha CHOKHO BE3MBAIbE.

3.7 CraTucTHYKA aHAJIN3A

Pesynraru in Vivo ucTpakiBama MpHKa3aHH Cy Kao Cpe/ilba BPEAHOCT + CTaHIapaHa
rpemika. Pesynrtati in Vitr0 ucTpaxkuBama TNpHKa3aHH Cy Kao Cpelmba BPEIHOCT =+
CTaHJI@p/IHA TpelIKa JeJHOT PEeNpe3eHTaTUBHOI eKcrepuMeHTa (ypal)eHor y KBaTpHUIUIMKATY)
on ypaheHa Tpu He3aBUCHA eKcrepuMeHTa. [lpunmkom oOpaae mojaTaka KOpUITheHH Cy
oJroBapajyhu cTaTHCTHYKM TECTOBH 3a aHAIM3Y JN0OMjeHHX pe3ynrara y ckiomy SPSS (eHr.
Statistical Package for the Social Sciences), Microeco u LEfSe craructuukux makera. Y
cnydajy mopehema aBe rpyme kopumrhen je T-tect, mok je 3a mopeheme Buiie Tpyma
kopurihen Kruskal Wallis nioin ANOVA tect (MuanmainHa BpeaHocT BepoBatrohe p < 0,05 je

CcMaTpaHa Kao 3Ha4yajHa).
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4.1 VYruuaj kommjiexkca BUTaMUHA be Ha KIMHUYKY CJMKY U MPOrpecujy
eKCIIEPUMEHTAJIHOT ayTOUMYHCKOT eHIedaioMmujenTuca

ExcniepuMeHTaHU ayTOMMYHCKH €HIe(alOMUjeIUTUC WHAYKOBaH je mamoBuma DA
CO0ja, KOHBEHIIMOHAIHUM TIPOTOKOJIOM MMYHH3aIHje, yIoTpeOOoM eHIle(aTuToreHe eMyn3uje
3a UMYHH3alHjy JOOMjeHEe MEIIameM jeJHAKUX JeJIOBa XOMOI€HAaTa KHMYMEHHX MOKIMHA
nanoBa ucrtor coja (50% w/v y QusuonomkoM pactBopy) u komiuietHor ®dpojHaoBor
angjyBanca. CBM MMyHHU30BaHM TNaioBu y ekcnepuMmeHTaHoj (E) rpynu (17/17) cy pa3Buinm
aKyTHy MoHO(a3Hy Ooiect, oK je 17/18 mamoBa y eKCIIEpUMEHTATHO] TPy TPETHPAHO]
BuramuauMa be komruiekca (ET) passuino kinmamuke 3Hake EAE. XXuotume kojuma je
yopusran camo komiuieTHu @pojunos aajysanc (CFA rpyma) HUCY pa3Buiie KIMHHUYKE 3HAKE

oonectu (0/6).

TokoM Tpajama OonecTd, KOJA CBake IMOjeIMHAYHE KUBOTUIE MpaheHH cy KIMHUYKU
3HaIM OosiecTH U cienehn mapameTpu ca CpeambIM BpEAHOCTHMA CY IPEACTaBIbeHH Y Tabenn

Yy OKBHUPY CIIUKE 6:

-  Wumupenna 6onectu (Opoj KUBOTHE-a KOje Cy pa3BWiIe OWMIIO KOjU KIMHUYKH 3HAK
HakoH uHaykuuje EAE);

- Jlan mouetka pa3Boja OojecTd (AaH Kajga Cy JNETEKTOBAHM NPBU KIMHUYKU 3HALU
Oonectn);

- CKop BpeAHOCTH NPOIECHUBAHNX KIMHUYKUX 3HAKOBa 0OJIECTH HAa JTHEBHOM HUBOY;

- MakcumaiiHa BpeTHOCT KJIMHUYKOT 3HaKa TOKOM Tpajara 00J1eCTH;

- Tpajame Oonectu (Opoj HaHa Kada je KOJA >KUBOTHH-@ JETEKTOBAHO IPUCYCTBO
KJIMHUYKUX 3HaKOBa 00JIECTH);

- Tpajame napanuse (0poj 1aHa KaJia Cy )KUBOTHILE UMaJIe MapajInsy);
Nunekc texxune Oosiect = (MakCMMajdHa BPEAHOCT KJIMHHYKOT 3HAKa) X (Tpajame

OoJecTn) X (MHIIUACHIA).

VY E rpynu, npBU KIMHUYKH 3HAIM Y TIpoceky cy npumehenn 14 + 0,43 maHa HakoH
UMYHHU3aIMje, 0K cy kuBoTukbe 3 ET rpyne npBe KIMHWYKE 3HAKE Y MPOCEKY HCIOJBUIIC
15 + 0,66 nana HakoH MMyHu3anuje. TOKOM MepHoAa OMOpaBKa, KIMHUYKU 3HALU Cy Ce
MIOCTENIEHO CMamUBaJIM KOJI CBHX XHMBOTHHA Y cBUM rpynama. EAE xuBoTHm€ TpeTHUpaHe
KBB (ET rpymna) pasBuie cy Onaxu o0Onuk Oosectu (15,16), MepeH WHIEKCOM TEXHHE

oomectu (mpema GOpPMyJIH: HHIEKC TEXHHE OOJIECTH = Cpeliba BPEIHOCT MaKCHMAJTHOT
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KJIMHWYKOT 3HaKa X Tpajame OosiecTn), y nmopehemy ca Herperupanum EAE xuotumama (E
rpymna), Koj Kojux je uHaeKc Texune 6onectu 6uo 38,08. [lopen Tora, TpeTMaH BUTAMHUHUMA
be kommekca je moBeo 1o kpaher tpajama Oonectu (6,86 £ 1,32 mana) y ET rpynu, y
onuocy Ha E rpymy (11,20 + 1,88 nana), anmu 6e3 craructuyke 3HauajHocTd. Takolhe, cpenma
BPEIHOCT MaKcHUMaslHOr KiauHudkor 3Haka y ET rpymu (2,21 + 0,62) je Omia Hmka y
nopehemwy ca Bpennoctuma y E rpynu (3,40 + 0,60), a cpeamy CKOp KIMHUYKUX 3HAKOBA 10
nany je Ouo craructuuku 3Hayajano Mawu y ET rpymu (0,38 = 0,09) y ognocy na E rpyny
(0,69 = 0,16) (p=0,002, ciuka 6). Ha rpaduky Ha ciuim 6A ce jacHO yodaBsa Jia je MOBpPIIUHA
UCIOJ] KpUBE KOja TpHKa3yje Cpeirme BPEIHOCTH KIMHUYKHX 3HAKa JKUBOTHE,A TOKOM
oonectn y E rpymnu, Ouna Beha y ogHocy Ha noBpumHy ucnon kpuse 3a ET rpymy. Osaj
edexar komruiekca Butamuaa be na Tok EAE-a nonatro je motBphen nmopehemem moBpmmnHa
UCIIOJ/I KPHBa 32 KIIMHUYKH TOK OOJIECTH MOjeMHAYHUX KuBOoTUIbA y Tpynu E (26,50 + 6,14)
u rpymu ET (15,25 £ 3,75), unmMe je moka3aHo Ja Cy MOBPIIUHE MCIOJ KPHBH 3a KUBOTUIHE
ET rpymne Ouie cratuctiuky 3Hadajuo Mame (P=0,03) y mopelhemy ca moBpiuirmHama UCIO

KpuBH 3a xuBoTume E rpyre.
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@ 0 o ——————————————— e Y

10 15 20 25 30
J[laHu HakoH UMyHU3auuje
E ]

WHumgeHua 1717 17/18
Cpear-a BpeAHOCT AaHa nodeTka Gonectn 14.18 £ 0.43 15.18 £ 0.66 H3
Cpeatba BpeaHOCT KIMHWYKOT 3Haka no 069+0.16 0.38 + 0.09 0.002
[aHy TpeTMaHa
Cpearsa BpeAHOCT Makchmandor 3.40 + 0.60 221+ 062 H3
KINWHWYKOr 3HakKa
Tpajarse Gonectn 11.20+1.88 6.86 £ 1.32 H3
Tpajarbe napanvae 450 +1.32 3.25+0.63 H3

Cauka 6. KiimHMYKa CIMKa M IPOrpecHja eKCIepuMEeHTAJHOI AayTOMMYHCKOT

eHuedgasoMujeuTHCA.
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(A) Bpennoct knuHHUKKX 3HaKOBa Ooectu HeTpetnpannx EAE xusotuma (E) nacipam EAE
KUBOTHIHA TpeTHpanux ButamuanMa be kommekca (ET) Tokom nmporpecuje 6omnectu. (B) Y1uiaj
TpeTMaHa BUTaMUHMMa be KoMmIiekca Ha mapaMeTpe Oonectu. Pe3ynrtatu cy u3paxkeHH Kao cpe/imha

BPEIHOCT + CTaHJap/iHa TPEIIKa; H3 — HHje CTATUCTHYKH 3Ha4ajHO.

JlonaTtHo, TPEHT CMamkekha TEJIECHE Mace TOKOM Iporpecuje 0oJIecTH je yodueH y obe
excriepumenTtainne rpymne xuBotuma (E u ET). Mehyrum, nopehemem cpenmux BpeIHOCTH
TEJIECHE Mace MCIMTHUBAHMX TPyla >KUBOTHIbA, MpuMeheHe cy Mame MpOMEHE y TEJIeCHO]
Macu TokoM nporpecuje 6onectu koj KBb tperupanux EAE xuBotuma (ET) Hero y rpynu
uwerperupanux EAE xusotuma (E) (rpaduk 1). Mnak, oBe mpoMeHe HUCY OHMIE CTATUCTHYKH
3HauyajHe, IITO je MOCieaulla BHCOKE CTaHAapIHE JeBHjalldje, OJHOCHO WHIUBUIYATHHX

pasiuKa y IpOMEHH TellellHe Mace Mel)y KUBOTHbA.

250 -

N

w

o
"

210 A

TenecHa maca (g)

10 15 20 25 30

[aHn HaKoH UMyHU3auuje

I'pa¢uxk 1. [IpomeHne y TejiecHOj MacH TOKOM NpoOrpecuje eKcnepuMeHTAJTHOT
aYTOMMYHCKOT eHIedaJoMujeTuTHuca.
Herperupane EAE xxuBotume (E) y nopehemy ca EAE xuBoTHmama TpeTHpanumM BUTaMUHUMA be

komruiekca (ET).
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4.2 Xuctomopdosomka aHAIH3a OPraHa ojJ MHTepeca HAKOH MHAYKIHje
eKCIEePUMEHTAJTHOT AyTOUMYHCKOT eHuledaoMujeuTuca

421 XwucromopdosomKa aHATU3A NOIIUTEATHHX JUMGPHUX YBOPOBA HAKOH
HHAYKIHje eKCIIePUMEeHTAJTHOT AyTOMMYHCKOT eHle(]aIoMujeTuTH A
Xucromopdosomika aHajan3a Mpeceka IMOIUIMTEATHHUX, ApeHupajyhux iuMpHux

YBOpOBa 00€ KOHTPOJIHE TPpyIe, MHTAaKTHUX kuBoTUIbA (K) 1 j)xuBOoTHIRA KOjUMa je yOpu3ran

camo komiuietHu PpojunoB axjyBanc (CFA) mpencraBibena je na ciuim /. Kao mro ce

youaBa Ha IpecellMMa TKHBa 000j€HMX XEMOTOKCHIIMH/€03WHOM, y KOPTEKCY JHUM(HHUX

YBOPOBA >KMBOTHHIA M3 00€ KOHTPOJIHE IpyNe Hajla3u C€ HEKOJMKO MPUMapHUX JUMOHUX

¢doyMKyna, yriaBHOM CJIa00 pa3BHUjCHUX W 0€3 BHJJBMBHX TCPMHUHAIHUX I[EHTapa, KOjU CY

OWJIM MTHTCH3UBHO 000jCHHU.

NIumdpHM uBOp
10x

500 m

CFA

Cauka 7. XMCTO0JIOLIKA aHAJIN3A NPeceKa NOMJIUTEeAJHUX JUM(PHUX YBOPOBa.
Mukporpaduje mornpevHux rnpeceka JMMQPHUX YBOPOBA KOHTPOIIHE HHTAKTHE rpy1e xuBoTHmka (K) n
rpyIe )XHUBOTHIbA KOje Cy puUMmiIe camo komiuietHr @pojunos agjysanc (CFA).

XeMoToKCHIHH/€03rH Oojeme. YBehame 5x (ckama 500 um), 10x (ckama 200 um) u 40x (ckaza 50

um).

Kao mrTo je u oO4yekuBaHO, MaKpOCKOICKM BHJJbMBA pa3iuKka Yy BEIMYUHU
MOTUTMTEATHUX JIMM(HUX YBOPOBa JIEBOT M JIECHOT 3aIer eKcTpemuTera je mpumehena

HakoH uHaykiuje EAE (crnuka 8).
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Cauka 8. MakpoCKoONCKH U3rJie] NMpeceka NoMmInTeaTHuX JuMGHUX YBOPOBa
JKMBOTHHA KOjUMA je HHIYKOBAH €KCIIEPUMEHTAJIHN ayTOUMYHCKH
eHledasoMHujeuTHC.

Paznuka nzmel)y BennunHe npeceka MOMIUTEATHOT JIMM(PHOT YBOpa U3010BaHoT U3 JieBor (JI) u
necHor (JI) 3aamer ekcTpeMuTeTa HAaKOH MHIYKIIN]€ eKCIIEPUMEHTAIHOT 8y TOUMYHCKOT

eHie(haIoMHujenuThca.

Ha cimunm 9A je mpukasaH XUCTOMOPQOJIOUIKM Mperyies MOIUIMTEATHUX JUMGHUX
YBOPOBA M30JIOBAaHUX M3 HETpeTupaHux xuBoTHma (E rpyna). KBamuTatuBHOM aHaiu3oM y
TUM(HAM YBOPOBHMA M30JI0BAHUM Y BPEMEHCKO] TaYKH O3HAYCHO] Kao rmoueTak oosectu, Eo
(enru. Onset - 0) youeHO je cMambeme Y Ae0JbUHN KOPTEKCa ca MeIyJIapHOM XUIEePILUIa3njoM,
Kao M CeKyHIapHU JUMGHU (QOIMKYIM ca MCTAaKHYTUM TE€PMUHAIHUM IIEHTPOM M Malu
enuTenonaHN Tpanyinomu (cmuka 9A). XwucToyiomKka aHaln3a Tpeceka MOTUIUTEATHHX
nuM(HUX YBOPOBA HETPETHPAHUX KHUBOTHbA Y UKy Oonectu (Em), ykaszana je Ha mpucycTBo
BelMKor Opoja henuja koju mo Mop(oJIOIIKOj MPOLIEHH NpUNaaajy rpynu makpodara. OBaj
tun henuja je pacnopeleH mo 1enoM npeceky 1 NpocTUpy ce A0 peruoHa meayne. Takohe, Ha
yBenuuawy 40X, mpumeheHM Ccy U BEIMKU ENUTENOMIHU TPaHYJIOMH KOJU caJpiKe
enuTenouiHe hemuje koje ¢popMupajy rpaHysioM, OKpYXeH JUMOIMTHMA, a yOoUueHa je U
atpoduja koprekca (ciuka 9A). CnuyHa 3anaxama cy npuMehena u Ha npecenMa JUMEGHUX
YBOpOBa M30J0BaHUX Ha Kpajy Oonectu (Ek), anu ca MamuM OpojeM CeKyHJapHUX
muMpouaHUX  (ONUKYyJa ca TEPMHHATUBHUM IEHTPOM H MamHUM  CIUTEIONTHIM
rpanynmomuma  (ciauka  9A).  XucTtoMopdoIOomKOM aHAJIM30M TMpeceKa TMOILTUTCATHUX
TUM(HUX YBOPOBA XHBOTHH-a TPETHPAHUX BUTaMHHUMa be KoMmIiekca H30JI0BaHHX Ha
nouetky Oonectu (ETo rpyna), youen je mawmu Opoj numbougHux (oIUKyIa y 30HH
KOpTEKCa, JIOK Cy Ha MUKY U Ha Kpajy 00JIeCTH JETEKTOBAHH €MUTEIONIHU TPaHyJIOMH Mambe

BenmunHe, y ogHocy Ha E rpyny (cnuka 9B).
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Cauka 9. XucToJio1iKe MpoMeHe Y CTPYKTYPH MOITUTEATHUX JTUM(PHUX YBOPOBA.
(A) Mukporpaduje monpeyHux mpeceka TMMPHUX YBOPOBA H30JI0BaHUX U3 HeTpetHpaHux EAE
xuBotuma (E). (B) Mukporpaduje monpednux npeceka JuMpHUX 4BOpoBa n3ooBaHux u3 EAE

KUBOTHEbA TpeTHpaHuxX ButaMuanMa be kommiekca (ET). JI — neBu aumduu uBop; J — necHu

nuMGbHH YBOP; TPU pa3IUuMTE BpeMEHCKe Taduke: rmouerak (o), muk (m) u kpaj (k) 6osecty.
XeMaToKCHIHH/e03uH 0ojeme. YBehame S5x (ckama 500 um), 10x (ckana 200 um) u 40x (ckana 50

um). IpukasaHe cy penpe3eHTaTHBHE MUKporpaduje o1 yKyITHO YeTHPH aHATU3MPaHa IMpeceka.
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4.2.2 XuctomopdoJiomka anaan3a u oapeuBame ryctune jenapa nepudepHor Hepsa
u mummha kBagpuunenca

Xucromopdorsoiika aHalu3a TYCTHHE jenapa mnepudepHor HepBa M Muiunha

kBapurienca 3a ooe kourposne rpyne (K u CFA) npukasana je Ha ciumw 10.

Cauxa 10. I'ycTuHa jenapa nepudgepHor HepBa u Mumnha KBagpuuenca KOHTPOJIHUX
JKMBOTHIHA.

Mukporpaduje monpevHux npeceka nepudepHor Hepsa U MUIKha KBaIpHIIENica KOHTPOJIHE
WHTaKTHE rpyne xuBotuba (K) u xxnBoTHmba Koje ¢y npumuiie caMo KoMiieTHH OpojHIoB aj1jyBaHc
(CFA). Xemarokcunun/eo3uH Oojeme. YBehamwe 40x (ckana S0 um). [Iprkaszane Cy pernpe3eHTaTHBHE
MHKporpaduje o1 yKyIrHO 0caM aHAJIM3HPAaHUX MPeceKa 3a MUIINN 1 4YeTHPH aHAIN3UpaHa IIpeceka 3a

HEPB.

4.2.2.1 IIpomena zycmune jeoapa y 3axeahenom nepugheprnom nepgy

Mukporpaduje monpeuyHux mpeceka (peMopalHOr HepBa Ha KOJUM C€ yodaBajy
U3pakeHe MPOMEHe I'yCTUHE jeslapa mpe/cTaBibeHe cy Ha ciauuu 11. Ananuza rycTuHe jeaapa
M30JI0BaHUX (peMopalHUX HepaBa y TpPU pa3MuUTe BPEMEHCKE TadyKe TOKa OO0JIecTH,

ToKasaja je na ce y Herpetupanoj rpynu EAE xuBotuma (E) oBa kapakTepucTHKa 3HAYajHO
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nmpoMeHmnIa y oxHocy Ha rpyny EAE >kuBoTuma TpeTUpaHMX BUTaMHHHUMa be koMruiekca
(ET) (cnuka 11).
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Cauka 11. E¢dexTu TpetMana ButaMuHuMa Be komiiekca Ha rycTuHy jegapa 'y
(pemopasiHoM HepBY TOKOM nporpecuje EAE.

I'ycruna jenapa je npahieHa y Tpu pa3inuuTe BpEMEHCKe Tauke: moverak (0), nuk (m) u kpaj (k)
oomnectu. Kontposna nHTakTHA Tpyna ®kuBoTH®HA (K); )KUBOTHEEE KOj€ Cy IPUMHEJIE CAMO KOMIUIETHH
®pojunos anjysanc (CFA); nerperupane EAE xxuBotume (E); EAE xxuBoTHme TpeTupane
komruiekcom be Burtamuna (ET); nesu (JI) u necuu (J) Heps. XeMaToKCHIIHH/€031H Oojerbe.
VYeehame 40x, ckana 50 pm. Ha rpaduiuma cy pe3ynratu npeicTaB/beH! Kao cpe/iha BPeTHOCT +
cTaHJapjHa rpemka. **** p < (0,0001; ** p < 0,01; * p < 0,05. [Ipukazane cy penpe3eHTaTUBHE

MUKporpaduje of yKYITHO YeTHPH aHAIN3UPaHa MpeceKa.

AHamM30M TYCTHHE jeAapa Ha XHCTOJOMIKMM Tpecerrma (eMopalHOT HepBa
Herpetupanux (E) m xuBoTMma Tpetupannx ButamuHuMma be xomrmiekca (ET), yodeHo je
3Ha4yajHO noBehame I'yCTHHE jelapa y HEepBY y OJHOCY Ha T'YCTHHY jefapa y HEpBY KOJ

*)uBoTuma U3 o0e koutponHe rpyne (K u CFA, p < 0,01). ¥ rpynu EAE xuBoTuma Ha
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novetky Oonectu (Eo), y neBom ¢demopanHoM HEpBYy YyOdeH je 3HadajaH mopact Opoja
jezlapa/mm2 (3112 = 523) y nopehewy ca nmecHum demopaiHuMm HepBoM (2127 = 576, p <
0,001 (cimxa 1111). 3Hauajue npomere y 6pojy jenapa/mm? TokoM muka Goxectu npumelicte
cy y obe rpyme (E u ET) (Cimka 1110 u 11J1). Ilopex Tora, Gpoj jexapa/mm? neBor
bemopanHor Hepsa Ha nmouetky oosiectd y ET rpymnu 6uo je 3HauajHo cMmameH (2540 + 594),
y nopehemy ca seBuM demopanaum Hepsom y E rpymu (3112 + 523, p < 0,01), rpaduk 2.
Hacympot Tome, Ha kpajy 6onectu (ETk rpymna), youeHo je moBehame Opoja jenapa y JieBoMm
demopanHoMm HepBy (2950 + 480), y mopehemy ca E rpymom (2136 + 451, p < 0,001, rpaduk
2).
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I'paduxk 2. EdpexTn Tpermana BuramuunMma be komniiekca Ha rycTuny jenapay
(pemopaanom HepBy TokoM nporpecuje EAE.
[opeheme npomena y ryctunu jenapa dhemopannor Hepsa uzmely E u ET rpyme. I'yctuna jenapa je
npahena y Tpu pasinunTe BpeMeHCKe Tauke: movetak (o), muk (m) u kpaj (k) 6osectu. Jleu (JI) u

necuu (/1) Heps. PesynraTu cy npencTaBibeHH Kao Cpeba BPEIHOCT + CTaHAap/IHa Tpemka. ***% p <

0,0001; ** p<0,01; * p<0,05.

4.2.2.2 Ipomena cycmune jeoapa y 3axeahenom mumuhy keaopuyenca

Mukporpaduje monpeyHux npeceka Mulnha KBaJpHIierica ca YoueHUM HCTaKHYTUM
MpOMEHaMa y TYCTHHH jefapa NpeacTaBbeHe cy Ha ciuii 12A u 12b. Ananmu3za ryctuHe
jenapa y HW30JIOBAaHMM MHIIMhHMa KBaJpHIENca y pa3IUuYUTHM BPEMEHCKHM TadyKama
6omectu 3a o6e rpyne (E u ET) ykazane cy Ha 3uaudajuo mosehame (p < 0,0001) rycrune
jenmapa y nopehemy ca koutpoaauM rpynama (K u CFA). 3a cBe BpeMeHCKe Tauke 0OJIECTH Y
E rpynu u Bpeme mouerka Oosiectr y ET rpynu, youeHo je 3HauyajHo moBehame ryctune

jenapa y neBom muiuuhy, y nopehemwy ca necaum mutuhem (cnuka 121 u 12/1).
63



1600 - 1600 +

1200 + 1200 + o T

800 1

800 - K

(6poj jeaapa/mm?)
T
1
r
1
1
1
1
1
1
1
1
1
Q
>

400 - 400 +

l'yctuHa jepapa y muwmnhy
(6poj jenapa/mm?)
T
[}
—
1
I
1
1
|
=
1
1
(9]
= y
>
l'yctuHa jepapa y muwuhy

noyemak nuk Kpaj noyemak nuk Kpaj

Cauka 12. E¢exTu TperMana Butamuuuma be kommiekca Ha rycTuny jenapa mumuha
KBajpuuenca Tokom nporpecuje EAE.

I'yctuHa jenapa je npahieHa y Tp pa3induTe BPEMEHCKE Tauke: moveTak (0), muk (1) U Kpaj (K)
6onectu. Konrposna nntaktHa rpyna xusoTuma (K); )KUBOTHIE KOj€ Cy IPUMUIIE CAMO KOMIUIETHH
®pojunos agjysanc (CFA); nesu (JI) u gecuu (J) mummh. Xematokcninun/eo3ud Oojeme. YBehame

40x, ckana 50 um. Pe3ynratu cy npeacTaB/beHH Kao Cpe/ilba BPEIHOCT £ CTaHAapHa rperika. **** p
<0,0001; ** p < 0,01; * p <0,05. [Ipukazane cy penpe3eHTaTHBHE MUKpOTrpaduje 0]l YKyITHO 0caM

aHAIN3UPAHHX MpEeceKa.

3aHMMJBHMBO j€ Jla Cy NMPOMEHe y MHUIIMNHO] TYCTHHHU jefapa MpaThie UCTH TPEH]I
IpoMEeHa KOjH je YOUeH 3a TYCTHHY jeJapa y HepBy. Hamme, Ha modeTKy OOJeCTH, Y JIEBOM
mumnhy y ET rpynu, npumeheno je cMameme 0poja jenapa/ mm? (1116 = 180), y mopehemy
ca mesuM mumuhem y E rpymm (1375 £+ 255). HacynpoT Tome, Ha Kpajy 00JeCTH, y JIEBOM
mumuhy y ET rpymn, npumehero je nosehame Gpoja jexapa/mm? (1341 + 250), y nopeljemy
ca nesuM mumuhem y E rpynu (1061 + 181), cnuka 14. Takohe, uctu TpeH[ je MOKa3aH U 3a

6poj jenapa/mm? 3a necue mummhe u3 E u ET rpymne (rpaduk 3).
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I'pa¢puk 3. E¢pexTu TperMana Buramunuma be koMmmiiekca Ha rycTuny jegapa mummha
kBajapuinenca Tokom EAE.
[Nopeheme npomena y ryctunu jenapa mummha ksagpunernca u3melhy E u ET rpyne. ['yctuna jenapa
je mpaheHa y TpH pa3IHMyrTe BPEMEHCKE Tauke: moyerak (0), muk (m) u kpaj (k) 6onecru. Jlesu (JI) u

necHu (1) Heps. PesynrtaTu cy npeicTaB/beHU Kao Cpeimba BPESAHOCT + CTaHAap/AHa Tpelka, ¥ **% p <

0,0001; ** p<0,01; * p<0,05.

4.2.3 Xwucromopdosomka aHAIUM3a KHYMeHe MOXKIMHEe HAKOH  HHAYKUHje

eKCIePUMEHTATHOT ayTOMMYHCKOT eHlleaToMujeinTHca

3a ucnuTHBame edexTa TpeTMaHa BHTaMMHMMa be KoMIulekca Ha CTeneH
uHpunTpanyje henvja y KMUMEHO] MOXIMHU TokoMm mporpecuje EAE, cepuja TKHBHUX
npeceka JyMOajgHOr Jefla KHYMEHE MOXJIWHE o000jeHa je XEeMaTOKCHIIMH/€03UHOM.
PenpesentatuBHe MHUKporpaduje Hactane KopuihemeM pa3IuuuTuX yBenudama (5x, 10x u
20x) (cmuke 14-16) yka3yjy Ha pas3iuke y HNPUCYCTBY M JioKanu3aluju uH@uiaTpata henuja
usmel)y nerperupanux (E) m xuBoTmma Tperupanux ButamuHuMma be komrmiekca (ET).
Mopdonomkom ananuzoMm nHpunTpara henuja youasa ce NpUCYCTBO Pa3IMUUTUX UMYHCKUX
henuja, xao mTO Cy MOHOHyKJIeapHe henuje (Makpodarn U JAUMEPOUMTH), Ka0 U
MOJUMOP(OHYKICAPHU JICYKOIIUTH. XHUCTOMOP(OIOIMIKOM aHaJIM30M TKUBHHUX IIpeceka
KMUMEHE MOXJAMHE yTBpheHo je mnoBehawe wuHbMITpanuje henuja y aTepalHUM U
BEHTpAJTHUM JieJIoBUMa OeJie Mace KnuMeHe MokauHe (cinuke 15-17), koje ce He JeTeKTyje y

KOHTpOJIHUM rpynama sxuBotumba (K u CFA) (cnuka 13).
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Cuauka 13. XucTO010IIKH nperJjel TKHBHHUX IMPEeCcEKa nyMﬁa.}mor JeJa KHYMEHE

MOKJIMHEC KOHTPOJJIHUX KUBOTHIbHA.

(A) Mukporpaduje nonpeuHux mpeceka JIyMOaJIHOr Jela KHIMEHE MOYKIMHE U30JI0BaHE U3
koHTposHe rpymne xuBoTHibe (K). (B) Mukporpaduje nmonpeqnux npeceka JyMOaTHOT Jiea KHIMEHEe
MoxrHe n3onoBane 13 CFA rpyre )xuBoTHba. XeMaTOKCHIIMH-€03UH 0ojeme, yBehame 5X (ckana
500 pum), 10x (ckama 200 um) u 20x (cxana 100 um). TIpukaszaHe cy penpe3eHTaTHBHE MUKporpaduje

o/ ykynHo 20 aHaJIM3UpaHUX Mpeceka (IBe )KUBOTHEbE 10 TpynH, 10 mpeceka 1o KUBOTHELH).

Kao mTo ce ca mukporpaduja symOanmHOr Aesia KHYMEHE MOXIMHE >KHBOTHIHA
youaBa, Ha TIOYETKYy OOJIeCTH JCTeKTOBaHa je moBehana wHuUATpanuja WHOIAMATOPHHUX
henuja y neny npenme ¢pucype U y3 oBojHHIlY KnuMmeHe MoxauHe kog EAE xuBotuma u3 E
rpyne y onHocy Ha ET rpyny. Haj3nauajHuja pa3nuka AeTeKTOBaHA je y MHKY OojecTu

(cmuke 14-16), toe ce npumehyje MHTE3UBHO 000jeHa oOyacT mHpuITpara henwja, y aemy
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npeame (ucype, Ka0 Uy MpoCTOpy y3 cyOmujanHy oBojHHUIly. Takohe, 3a pa3iauky of
oOnactu 3axBaheHHMX Yy MOYETKy OoJjecTH, y HUKy OosiecTd Moryhe je youuTu u IojaBy
MHOWITpaTa y MapeHXUMy U TO TyOOKO yHyTap Oelie Mace y MepuBacKyJIapHUM MIPOCTOPHMA
(na ciiukama 14-16 o3naueHo ctpenuuama). Hacynpot Tome, y TpyIiu >KUBOTHEbA TPETHPAHUX
sutamunuMma be (ET), youaBa ce mamu crteneH unuiurpauuje henuja y nopehemwy ca E
TpyIHoM, LITO je y KOpeJaluju U ca Mambe U3paKeHOM KIMHUYKOM ciukoM EAE u Humxum
KIIMHUYKUM CKOPOBMMa y OBOj Tpymu. Mamu Opoj mHbwmirpata henmja mpumehen je y
obmact mpeame (puUcype U OBOJHHIE, a TTOCEOHO y 0eroj Mach U ayOJbeM MapeHxumy, y
nopehemy ca HerperupanuM xuBoTumama (E). Ha kpajy Oonectu, kaga Cy ce KUBOTHEGE
oropaBuie, JETEKTOBaH je cMameH creneH uHbuamanuje y obe rpyne (E u ET), 6e3

3HAYAjHUJUX pa3jIvKa u3Mel)y camux rpyra.

noyerak nuK Kpaj

500 ym

Cuauka 14. XucToJ0mKkn nperJel TKUBHUX IMPECEKa JIyMﬁaJIHOI' AeJja KHIMEHE

MOKIUHE HA YBeJIHYAY SX.

Mukporpaduje nonpeuHux npeceka JJymOaHor Jena knumene MmoxauHe. Herperupana rpyna EAE
xuBotuma (E); EAE rpyna xuBotHmba Tpetiupanux Butamuanma be komriekca (ET); Tpu pasnuunte
BPEMEHCKE TauKe: OYeTaK, MUK U Kpaj OonecTr. XeMaTOKCHIMH-€031H 0ojeme, ckaita 500 um.
[Ipukasane cy penpeseHTaTHBHE MUKporpaduje ox ykynHo 20 aHaTu3UpaHUX Mpeceka (IBe

KHUBOTHEGC TI0 IpyIH, 10 mpeceka Mo KUBOTHEBH).
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Cauka 15. Xucroaomku nperJiel TKUBHUX IPECEKa .]'lyMﬁa.]'lHOI‘ JeJa KHYMCEHE

MOK/IMHe Ha yBeqnuamwy 10x.

(A) Mukporpaduje monpeyHux mpeceka TyMOATHOT iefia KHIMEHE MOKIUHE Y PETHOHY MpPe/Ihe
¢ucype. (b) Mukporpaduje nonpeuHux npecexa TyMOaIHOT /ej1a KHIMEHE MOXKINHE Y PETHOHY
narepaine ¢pynukyine. Herperupana rpyna EAE xuBotuma (E); EAE rpyna »kuBoTHIa TPETUPAHUX
sutamuHnma be komiuiekca (ET); Tpu pa3nnunte BpeMEHCKE TauKe: MOYeTakK, MUK 1 Kpaj 60JIeCTH.
XeMaToKCHIIMH-€031H 00jeme, ckana 200 um. [lpukaszane cy penpe3eHTaTHBHE MUKporpaduje o

ykynHo 20 aHaJIU3UPAHUX Mpeceka (IBe KUBOTHELE 110 TPpymH, 10 mpeceka Mo KUBOTHELH).
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Cauxa 16. XuCTOJIOMIKY NperJieJl TKUBHUX NpeceKa JyMOAJHOT 1e1a KHUMeHe
MO K/IMHe Ha yBeanuamy 20X.

(A) Mukporpaduje nonpeyHux npecexa JyMOAIHOT Jeia KHIMEHE MOXKIHHE Y PETHOHY MPEIbhe
¢ducype. (B) Mukporpaduje nonpeyHnx npeceka TyMOATHOT Jiela KHIMEHE MOXK/IMHE Y PETHOHY
narepaine ¢pynukyne. Herperupana rpyna EAE xuBortuma (E); rpyna EAE xkuBoTHIQ TpeTUpaHUX
Butamuanma be kommiekca (ET); Tpu paznuunTe BpeMEHCKe Tauke: MoYeTak, MUK U Kpaj 00JIecTH.
XeMaToKCHIIMH-€031H 00jeme, ckana 100 um. Ilpukaszane cy penpe3eHTaTHBHE MUKporpaduje o

ykynHO 20 aHaJIM3UPAHUX Mpeceka (IBe KUBOTHELE 110 TPpymH, 10 mpeceka 1Mo KUBOTHELH).

YTumnaj TperMaHa BHTaMHHMMa be KOMIUIEKca Ha CTEICH JeMUjeIMHH3AIMje Yy
nymb6anHoM aeny kuumeHe MoxxauHe EAE xuBotuma ucnutal je kopuithemem LFB  60je

Koja 00ju MHjenuH y IJaBo. 30HE JAEMHUjeNMHU3aIMje IMocMaTpaHe cy y 0enoj macu
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ayMmOanHOr Jefa KUYMEHE MOXKIUHE, KOja MpelCTaB/ba KapaKTEpUCTHYHO oOO0enex)e
omrehewa TkuBa y EAE wmogeny. Kao mro je npukasaHo Ha penpe3eHTaTUBHUM
Mukporpadpujama Ha ciaukama 18 u 19, uzpaxen ryourak mujenuHa npuMeheH je y MUKy
O6onectn kox Herperetupanux EAE >xuBotuma (E) y aHTepuOpHO]j, MOCTEPHOPHO] U

JarepaiHoj GyHHKYIH, KOjU HUje JETEKTOBAaH Y KOHTPOJIHUM rpynama xxuotuma (K u CFA)
(cnuka 17).

500 pm

500 pm 200 pm

Cauka 17. XHCTOJIOIIKY Nperjel MUjeTHHCKUX CTPYKTYpa JIyMOAJTHOT Jejia

KHYMCHE MOKAUHEC KOHTPOJHHUX )KUBOTHILA.
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(A) Mukporpaduje monpeuHux mpeceka JIyMOaTHOr [ela KHIMEHE MOYKIMHE H30JI0BaHE U3
koutpoite rpyme xuBoTuibe (K). (B) Mukporpaduje monpednnx mpeceka JyMOATHOT jiejia KHIMEHEe
moxaune u3onoBane u3 CFA rpyme sxuBotuma. LFB (Luxol Fast Blue) 6ojeme, yBehame S5x (ckana

500 pm) u 10x (ckama 200 um). [pukaszane cy penpe3eHTaTuBHE MUKporpaduje o ykymHo 20

aHaJIM3UPaHKX MIpeceka (IBe )KUBOTHIbE 1O TPpyIMH, 10 mpeceka mo )KUBOTHEBH).

Mecta nemujenunuzaiiyje npumehyjy ce kao npocBeT/beHe/00e300jeHe peruje Koje cy
cTpenuiama o3HaueHe Ha ciimkama 18 um 19. Permje memujenuHu3anmje ASTEKTOBaHE Cy Y
30HamMa OJIMCKUM 30Hama uHuITpanuje nmyHckux hemmja (couke 18 u 19), moce6Ho y nemy
y3 OBOJHHUIlY KHUMEHE MOKAMHE. Y OUCHE JIEMUjeIMHU3AIMOHE TIPOMEHE Cy y KOpealuju ca
npornpaheHOM KIIMHHMYKOM CIIMKOM, Ka0 U TEIIKOM IMapalin30M YO4eHOM y MUKy Oonectu y E
IpyIH JKUBOTHEbA. MelyTUM, OBakBe IMpPOMEHE Cy 3HAYajHO Mamke YOUWbHBE y TpYIHU
KUBOTHEbA TpeTupanux ButamuHuMa be kommiekca (ET), a mocebHO y JaTepaiiHoj
¢bynukynu. Mako cy npumeheHa u MecTa MpoCBETIheHha Y PETHJU CPEAHUIIHET TOCTEPHOPHOT
CyJIKyca, CTEleH JeMU]jeIMHU3alnje HUuje OMO 3Ha4ajHO U3pakeH, OCUM Yy NMUKY Oojectu y
rpynu Herperupanux xuBotuma (E) (caukxe 18 u 19). Ha nmouerky u kpajy Gojectu HucCy
yOo4YeHE 3HauajHe MPOMEHE MHJEIHMHCKHX CTPYKTypa, y mopehemy ca KOHTPOIHUM

KHUBOTHIaMa (ciuka 17).

noyerak Kpaj

Cauka 18. YTuuaj tpermana ButaMmuHuma be koMmIiuiekca Ha npouece
JeMUjeJIMHU3aluje y JyMm0aanoMm aeay kuumeHe Mo:xkauHe EAE kuBoTuma Ha

yBeJIH4Yamy SX.
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Mukporpaduje monpedHux npeceka JTyMOATHOT Jiejia KHIMEHe MOX/INHE H30JI0BaHE M3 HETPETHpaHe
rpyne EAE xuBotuma (E) u rpynie EAE uBotuma tpetupannx suramuanMma be komrmiekca (ET) y
TPHU pa3IMuUTe BPEMEHCKE Ta4yKe: MoveTak, muK u Kpaj 6onectu. LFB (Luxol Fast Blue) 6ojeme,

ckana 500 um. [puka3zane cy penpe3eHTaTHBHE MUKporpaduje oa yKynHo 20 aHaTH3HUpaHHX Mpeceka

(mBe ®uBOTHILE TIO TPyMH, 10 Mpeceka 1Mo KUBOTUEBH).

Cauka 19. ¥YTunaj tpermana ButaMmuHuMa be koMmIuiekca Ha nmpouece
JeMUjeJIMHU3aIMje y TJyMOaTHOM ey KuuMeHe Mo:kauHe koa EAE xuBoTuma Ha
yBeaunyamy 10x.

(A) Mukporpaduje nonpeyHux npeceka JyMOAIHOT Jejia KHIMEHE MOX/IUHE Y PETHOHY MTPEIhe
¢bucype u narepanne pynuxyne. (b) Mukporpaduje monpeyHux rnpeceka JIyMOaTHOT Jiefia KHIMECHE
MOXXJIMHE Y PETHOHY TTocTepropHOT cynkyca. Hetperupana rpyna EAE sxuBotuma (E); EAE rpyma

KHUBOTHIbA TpeTUpaHuX BUTaMuHNMa be komrutekca (ET); Tpu pa3nuunTe BpEeMEHCKE TauKe: MOYeTaK,
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UK ¥ Kpaj 6onectu. LFB (Luxol Fast Blue) 6ojeme, ckama 200 um. TIpukasaHe Cy pernpe3eHTaTHBHE
Mukporpaduje on ykymHo 20 aHaIM3UpaHUX Tpeceka (IBe >KUBOTHE 110 rpynH, 10 mpeceka mo

KUBOTHIHN).

4.2.4 Xucromopdosomka aHaIu3a Mpeceka TMpeawmer MO03ra HAKOH HWHIAYKIHUje
eKCIePUMEHTATHOT AyTOUMYHCKOT eHle()aToMujeIuTHCA
Xucromaroynomka TmnporeHa pasBoja EAE-a oOyxBaTa aHanmm3y NpHUCYCTBa
nHOWITpaTa IMYHCKHX henuja, Kao U MojaBy MoJba IeMHjeTMHU3AIM]€ U IPOMEHE Y TYCTUHHU
U OpraHu3alyji MHjeJIMHCKUX BJIaKaHa y MpeameM Mo3ry. KBalIMTaTMBHOM aHaIM30M

HUCIIMTaH je YTI/II_Iaj Tp€TaMaHa BUTaAMHHHUMaA be xoMmekca Ha oBe Imponece.

4241 Hcnumusarwe ymuyaja mpemmana eumamunuma be komnnexca na cmenen
un@guampayuje umynckux henuja

Y muby mpoIeHe cTenaHa HHPUITPAHje UMYyHCKUX henuja y Ipeamsu MO3aK TOKOM
pazBoja EAE-a mnpumemeHo je 0ojeme XeMaTOKCWIMH/eo3mHOM. [Ipukazane cy
penpe3eHTaTHBHE  MHKporpaduje permoHa kaymamHor wMehymosra  (mar.  Caudal
diencephalon), -4,16 ~ -5,20 mm ox 6perme, Ha Tpu yBenuvama (5x, 10x u 40x). Koponaiuu
npeceur (ned6spuHe 20 M) UCOUTHBAHOT pervoHa Mo3ra o0yXxBaTajy XMIIOKaMIlyc, COrpus
callosum, Tpehy BeHTpuKyTy, TalaMycC, XUIOTaIaMyc, XaOeHylapHa U aMHUTIATOMIHA jeIpa.
Kao mrto ce Bunu Ha mukporpadujama kourponaux (K u CFA) rpyna sxuBotuma (ciuka 20)

HUj€e YOUEHO NMPUCYCTBO MHPUITpATA.
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Cauxa 20. XuCTOJOMIKH NperJieJl TKUBHUX NpeceKa npeamer Mo3ra KOHTPOJIHHUX
JKMBOTHIHA.

XHCTOJIOIIKY TperJie]] TKUBHUX IpeceKa pernoHa kayaainHor mehymosra (iar. Caudal
diencephalon), -4,16 ~ -5,20 mm ox 6perme, y 3011 Tpehe BeHTpuKyJe u corpus callosum-a. (A)
Mukporpaduje monpedHux npeceka mpeamber MO3ra H30JI0BaHOT U3 KOHTPOITHE rpyrie xuBoTuibe (K).
(B) Mukporpaduje monpevyHux mnpeceka npemer Mo3ra nzoiosasor u3 CFA rpyre )KHBOTHHA.
XeMaTOKCHIHH/€03uH 0ojeme. YBenndame 5x (ckama 500 um) u 10x (ckama 200 um). Tpukasate cy
penpe3eHTaTHBHEe MUKporpaduje 01 YKYIHO 0caM aHAJIM3UPAHUX Mpeceka (JIBe )KUBOTUELE 110 TPYIIH,

YETUPH MIPECeKa 110 KUBOTUELN).

C nmpyre crpane, Ha Mukporpadujama Ha ciukama 21 u 22, y paznuuutuM (azama

Oosnectn (TIOYETaK, MUK W Kpaj) CTEIEH WHQWIHTpAIje UMYHCKHM helhjamMa ce Mema. Y
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nuky Oonectu y xxuBotumama E rpyne je npucyran Hajpehu crenen nnduntpamnuje, 10K je y
ET rpynu xuBotuma mamu. Hajsehe npucyrBo nndunrapara youeHo je y peruony tpehe
BEHTPHKYJIE U TO Y HEMIOCPEIHO] OJIM3MHU MEAHjaTHOT XaOCHYJIapHOT jeapa. Y MOYeTKy U Ha
Kkpajy 6onectu, y ooe rpyne (E u ET) y onHOCY Ha MUK 0OOJIECTH MPHUCYTaH j¢ MambU CTEIeH
uHpunTpanyje uMyHckux henuja. JlogatHo, Ha MOYETKY U Kpajy OojiecTH HeMa 3HauajHuje

paznuke y npucyctBy unduirpara usmely E u ET rpyne (ciuke 21 u 22).

Cauka 21. YTunaj tpermana ButaMmuHuma be komiuiekca Ha npouece HHpUITpanuje
hesauja y npenmwem mo3ry koa EAE xuBoTnma Ha yBeanyamy Sx.
XHCTOJIOIIKY Tperyie]] TKHBHUX MPeceKa MPE/Iiher MO3ra PernoHa KayaaaHor Mmeljymosra (Jiart.
Caudal diencephalon), - 4,16 ~ -5,20 mm oz 6perme. (A) Mukporpaduje nonpeyHux npecexa
npeamber Mmosra y 30au Tpehe Benrpukyiie (B) Mukporpaduje nonpednnx mpeceka npemer Mo3ra 'y

3onu corpus callosum-a. Herperupana rpyna EAE xuBotuma (E); rpyna EAE xuBoTHmba
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Tpetupanux ButamuHuMa be kommuiekca (ET); Tpu paznnunte BpeMEHCKe Tauke: MOYeTakK, MUK U Kpaj
Oonectr. XeMaTOKCHIINH/€031H Oojeme, ckana 500 um. [pukaszane cy penpe3cHTaTHBHE

MHKporpaduje o1 yKyITHO 0CaM aHATM3UPAHUX Ipeceka (Be )KUBOTHILE M0 TPYIIH, YETHPH IpeceKa

10 YKMBOTHIBH).

Cauka 22. YTunaj tpermana BuTaMmuanMa be koMmnuekca Ha npouece uHguiITpanmje
heauja y npeamem mo3ry koa EAE sxuBoTnma Ha yBeanuamy 10x.
XUCTOJIONIKY TIPETJIe]] TKUBHUX MpeceKa MpeIber Mo3ra pernoHa kayaamHor meljymosra (nar.
Caudal diencephalon), - 4,16 ~ -5,20 mm oz 6perme. (A) Mukporpaduje nonpeyHux npecexa
npezmer Mo3ra y 3ouu Tpehe Bentpukyne (b) Mukporpaduje nonpedHux npeceka mpemer Mo3ra y
3o corpus callosum-a. Herperupana rpyna EAE xuBotuma (E); rpyna EAE xxuBoTHba
Tpetupanux ButamuHnma be komruiekca (ET); Tpu pa3nuuute BpeMEHCKe TaduKe: MOYeTaK, MUK U KPaj

Oonectr. XeMaTOKCHIINH/e031H Oojeme, ckana 200 um. [pukaszaHe cy penpe3eHTaTHBHE
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MUKporpaduje o1 yKYITHO 0caM aHATM3UPAHKX Mpeceka (B JKUBOTHELE TI0 TPYIIH, YETHPH Mpeceka

10 YKMBOTHILH).

[Topen pasznuka y HUBOY HHPWITpalMje MMYHCKUM henrjama y TuKy 00JIeCTH, Y 30HH
corpus callosum-a, ce youaBajy u pasnuke y 6pojy henuja xoje mo mopdosoruju noacehajy
Ha raujanHe henuje (Bpx crpenuiie, ciuka 23). Tako, kBaimtatuBHOM aHaiau3oM y ET rpymnu
npumehen je Behu 0poj raujanHux henuja ca pasrpaHaTUM IUTOIUIA3MAaTCKUM HACTaBIMMA, Y
nopehewy ca E rpymom. Takohe, y E rpynmu y 30HH XOpPOMAHOT IUIEKCyca YOUEHO je
npucycTBO Beher Opoja mepuBackyiIapHuX MoHoIUTa, MoK je y ET rpynmu npumehen mamu

Opoj oBux henuja (cnuka 23).
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Cauka 23. YTuuaj tpermana BuTaMuHnMa be koMmnuekca Ha npouece nuHguJITpanmje

hesnja y npenmem mo3ry y nuky 6osectu koa EAE xxuBotuma.

XHUCTOJIOIIKY TIperJie]] TKUBHUX Mpeceka MpeIber Mo3ra y MUKy 0ojectd. Pernon kaynamHor
mehymosra (ar. Caudal diencephalon), -4,16 ~ -5,20 mm ox 6perme, y 30Hu Tpehe BeHTpUKYJIE U
corpus callosum-a. (A) Mukporpaduje mompedHux npeceka npeImer Mo3ra H30J0BaHOT U3
nerperupane rpyne EAE xuBotuma (E); (B) Mukporpaduje mompevyHux npeceka mpeimber Mo3ra
u3osoBanor u3 rpyne EAE xxuBotuma tpetrpannx ButamuarMa be kommiekca (ET).

XeMaTOKCHIHH/€03uH 0ojeme. YBenudame Sx (ckama 500 um) u 40x (ckama 50 um).
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4.2.4.2 Hcnumueamwe ymuyaja mpemmana eumamunuma be komnnexca na zycmuny u
OP2aHU3AUUJY MUJETTHUCKUX 61AKAHA NPEOIbe2 M032a

Edekar tpermana BuramuHuMa be KkomIulekca Ha CTeNeH JeMHjelIMHU3ALUjE Y
peruonuma npeamer mo3ra EAE xuBotumwa ucnuran je npumenoM LFB Gojema kojum
cemujenvH Ooju y muaBo. ['maBHO obenexje akyTHuX Jnesuja y MC-y, Ka0 U y HBECHOM
Hajrmo3HaTHjeM anuManHoM moxaeny, EAE-y, cy nmepuBenynapua nnduntpanuja mumdonura
U MOHOLMTA, TMOJba JEMHjelIMHU3AlMje, Ka0 U TYOMTaK akcoHa. Y OBOj JOKTOPCKO]
JUcepTalju, KBAIUTAaTUBHOM aHAJIM30M IpeceKa MpeIer Mo3ra, 30He JeMHjeIMHU3AlIN]je

mocMaTpane ¢y y peruony corpus callosum-a.

Cauka 24. U3raen opranu3ainuje MujeJJMHCKUX BJIAKAHA MPedlber Mo3ra y peruoHy

corpus callosum-a KOHTPOJIHUX IpyNa JKUBOTHH>A.
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Mukporpaduje monpedHux mpeceka npeamer Mo3ra y pernony corpus callosum-a xourponae K
rpyne xuBotuma (A) u CFA rpymne xuBotumba (B). LFB (Luxol Fast Blue) 6ojeme. YBenuuame 5x
(ckama 500 pm) u 10x (ckarxa 200 um). Ipuka3zane cy penpe3eHTaTHBHE MUKPOrpaduje 0/ yKYITHO

ocaM aHaTM3UPaHHX Mpeceka (IBe )KUBOTHILE 110 TPYIIH, YSTUPH MPECEKa MO KUBOTHILH).

Kao mTo je m o4YekuBaHO, MECTa JCMHUjCIMHU3AIM]E, KA0 U NMPOMEHE y TYCTUHU H
OpraHu3alWju MHUJETMHCKUX BiIaKkaHa HUCy yodeHe y koHTpoiHuM, K m CFA, rpymama
(cmuka 24). C ngpyre ctpaHe, y 3aBUCHOCTH on ¢aze Oojectu (MOYeTak, MUK U Kpaj) U
MpUMEHE TpeTMaHa BUTaMUHUMa be komruiekca Ha Mukporpadujama Ha cimukama 25 u 26,
yo4aBajy Ce pa3IMYMTH HHUBOW IMPOMEHA Y TYCTHMHU M OpraHH3allijd MUjEIMHCKHX BJIaKaHa,
Kao U y 10jaBH MoJba JeMHjelnHu3anuje (mpocBeTbeHe 30He). Ha cnuuum 25 yokBupeHu cy

perronu corpus callosum-a koju cy Ha BeheM yBenuvamwy NpuKa3aHu Ha CIUIH 26.
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Cauka 25. YTuuaj tpermana Butamuiuma be komniiexkca Ha npouece
aemujeannusanmje kox EAE xxuBoTnma Ha yBeJn4yamy SX.

XUCTOJIOIIKY Tperiie]] TKUBHUX IpeceKa MPeber Mo3ra pernoHa KayaaaHor Melymosra (Jar.
Caudal diencephalon), - 4,16 ~ -5,20 mm ox 6perme. Mukporpaduje HOnpeyHHX mpeceKa mpe/Imber
Mo3ra y 30uu Tpehe BenTpukyie u corpus callosum-a. Herperupana EAE rpyna xusotuma (E); EAE
rpymna )HuBOTHIbA TpeTUpaHuX BuTamuHiMa be komrutekca (ET); Tpu paszinudute BpeMEHCKE Tauke:
noverak, nuk u kpaj 6onectu. LFB (Luxol Fast Blue) 6ojeme, ckama 500 um. Ipukasate cy
penpe3eHTaTHBHE MUKporpaduje 0J1 YKYITHO 0caM aHaJTM3HPAHUX Ipeceka (JBe KUBOTHILE 110 TPYIIH,

YETHPH TIPECEKA IO KUBOTHELH).
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Cauka 26. YTuunaj tpermana ButaMmuanMa be komniekca Ha npouece

aemujennnnsanmje ko EAE sxuBoTnma Ha yBeanuamy 10x.

XUCTOJIOIIKY Tperiie]] TKUBHUX IpeceKa MPeber Mo3ra pernoHa KayaaiaHor Melymosra (Jar.
Caudal diencephalon), - 4,16 ~ -5,20 mm oz 6perme. Mukporpaduje monpeyHux npeceka npeamer
Mo3ra y 30Hu Tpehe BeHTpuKkysie u corpus callosum-a. Herperupana rpyna EAE xuBotuma (E); EAE
rpyna KHUBOTHIbA TpeTHpaHux ButaMmuHuMa be komriekca (ET); Tpu pa3nnunte BpeMEHCKE TaduKe:
noverak, nuk u kpaj 6osectu. LFB (Luxol Fast Blue) 6ojeme, ckana 200 um. Bpx crpenuiie
03HauaBa I0Jba JIEMU]jeITMHN3AIH] €, 3BE3/1IIa O3HAYaBa OPraHU3aIlljy MHUjeITMHCKUX BIaKaHa.
[Mpuka3zane cy penpe3eHTaTUBHE MUKpOrpaduje o1 yKYITHO 0caM aHATM3UPAaHUX Mpeceka (1Be

JKUBOTHIGC TIO TPYIIH, YETUPH MIPECEKa MO KUBOTHIHH).
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Ha nouerky 0oJiecTu (ciuka 26) y permony corpus callosum-a sxusotuma E rpyrme
JI0JIa3u JI0 AE30praHu3aliije MHJEIMHCKUX BllakaHa (03HAYEHO 3BE3JUIIOM) KOja IOKa3yjy
pacTpecuTy CTPYKTYpY ca MaJuM IoJbuMa JaeMmujenuuusanuje, 10k je y ET rpynu ouyBana
OpraHu3aiyja MHUjEJIMHCKUX BJIaKaHa KOja Cy T'yCTO NakoBaHa (O3HAYEHO 3BE3AMLIOM). Y
nuKy 6osectu, y E rpynu ce 3amaxka BUIlle MamkUX 10Jba JeMHjeIHHU3AIM]E (00ee)KeHa
BpxoMm crpenuie), a y ET rpymu ce yodaBajy NMpoMEHE y OpraHHM3alMjd MUjEITHHCKUX
BJIaKaHa (03HAYCHO 3BE3/IMIIOM) KOje Cy CIIMYHE OHMMA y IMOYETKY 00JIECTH KOJ )KUBOTHIHA E
rpynie. Ha kpajy Oosectm y E rpynu mpucyrHa cy Beha moJba JeMHjelMHHU3AIN]E
(mpocBeTIbeHE 30HE O3HAYCHE BPXOM cTpenwmie), 3a pasnuky ox ET rpyme rae cy mospa
JeMHjelIMHraslije Mama (BpX CTpenuie) U MHOro peha, a MHUjeTMHCKA BJIaKHA HMajy
KOMITAKTHY OpPTraHW3allMjy CIUYHO Kao INTO CE MOXE 3ala3UTH y OBOj TPYHH HA MOYETKY

OosecTH (03HAYEHO 3BE3TUIIOM).

4.3 AuHanu3a yTulaja TpeTMaHa BUTaMuHuMa be kKomIulekca Ha cacTaB U
(pyuxkumjy mukpoodunore npesa

Kako 6u ce ucnurao yruiiaj koMmijiekca BuTamuHa be Ha cacTaB MHUKpoOHOTE I[peBa
tokoMm miporpecuje EAE, y3opum deneca cakylmbeHH Cy OJ CBaKe XUBOTHEE Y TPYIH U
HakoH ekcrpakuuje JIHK cjequmenu o rpynama 3a Tpu BpeMeHCKe Tauke (royeTak (0), MUK
(m) u xpaj (k) 6onectn) (K, CFA, Eo, En, Ex, ETo, ETn u ETk). IIlpomene y cacraBy
Mukpobuote npesa usmely nerperupanux EAE xuBotuma u EAE xuBoTH®Ba TpeTupaHux
BUTAaMHHAMAa be KoMIulekca, Kao M KOHTPOJIHUX >KHBOTHIbA UCIIHTAHE Cy CEKBEHIMPAHEM

Mapkep reda 3a 16S pPHK.

4.3.1 TakcoHoMCKa aHAJHU3a HA HUBOY pa3/eia

TakcoHOMCKa aHaA/IM3a cacTaBa MHUKpOOMOTE IpeBa Ha HUBOY pasjena (iat. pylum) 3a
CBC HCIIMTUBAHC I'PYIIC ) XKUBOTHUHA Y CBUM UCIIMTHUBAHUM BPCMCHCKHUM Ta4dKaMa IIpUKa3aHa je

Ha ciunu 27.
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Cauxa 27. AHanu3a MUKpPoOHOTe LipeBa Ha HUBOY pa3jeJia.

Gemmatimonadota-

(A) Penatusna 3actymseHoct (%) 10 Haj3acTyubeHuje uaeHTHUKOBaHUX paszena y yzopuuma. (B)
“Heatmap,, 10 Haj3acTymbeHHjuX pazaena y y3opuuma. Herperupana EAE rpyna sxuBotumba (E),
EAE rpyna xuBoTHmba TpeTupanux ButamuHuMa be komruiekca (ET) y Tpu pasznuuurte BpeMeHCKe

Tauke OonecTu: moverak (0), vk (M) u Kpaj (K); KOHTpoIHa Tpyma xuBoTHba (K); rpymna ®uBoTHba

KOjMMa je MHjeKTOBaH camo KomiieTHu Ppojuaos agjysanc (CFA).

Jenan on wajuenthe kopumiheHMX Mapkepa 3a ONHCHBAaWmE MPOMEHA Y CacTaBy
MUKpoOHoTe je omaHoc pasmena Firmicutes/Bacteroidetes (F:B), koju je 6uo mosehan koj
Herpetupannx EAE xuBoTMma TokoM Oonectu (moderak, muk u kpaj: F:B - 0,42, 0,33 u
0,33), y nopehemy ca kourponuum xuBotumbama (K) (F:B - 0,13). ¥ ET rpymu, F:B oxnoc

paznena je Takohe 6uo moBehan y mopehemy ca KOHTPOJIHUM KMBOTHE-AMa, HAKO Ca HIDKUM
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BpEIHOCTHMA y OJIHOCY Ha HETPETHUPaHE KUBOTHUILE (MoveTak, muk u kpaj: 0,38, 0,30 u 0,22)
ITO yKa3yje Ha Moryhy yiory TperMaHa KOMILJIEKCOM BUTamuHA be y peBep3uju au3omose

MHUKPOOHOTE 1peBa y3pokoBane nporpecujom EAE.

4.3.2 TakcoOHOMCKA aHAJIN3a HA HUBOY (haMuJInje

TakcoHoMCKa aHaM3a HA HUBOY (DaMUITHje TIOKa3aia je UCTAKHYTE Pa3lIuKe y cacTaBy
Mukpoouote 1pesa u3mely xuBotuma y ET u E rpyne (cnuka 28A u 28b). Ha ciumm je
npukazano 10 Haj3HauajHUjux Qamuirja OakTepuja Ha HUBOY damuiuje, yKJbydyjyhu
Prevotellaceae, Muribaculaceae, Bacteroidaceae, Erysipelotrichaceae, Lachnospiraceae,
Oscillospiraceae, Rikenellaceae, Desulfovibrionaceae, Chitinophagaceae u Spirochaetaceae.
[IpemMa mnpukazaHuM pe3yjiTaTUMa, HAJUCTAKHYTHjEe TPOMEHE Cy OWie Yy CMamemhy
3actymbeHocTn (pamunuja Prevotellaceae u Muribaculaceae y ob6e rpyme, E u ET, y

nopehemwy ca KOHTpoTHUM kuBoTHRaMa (K).

Y mwmky Oonectu, mpumeheH je 3HauYajaH MOpacT y 3acCTYIUbEHOCTH (haMUIIH]je
Bacteroidaceae y nerperupanoj EAE rpynu sxuotuma (E), nok je y rpynmu EAE xuBoTHIQ
Tperupanux BuTamuHuMa be kommiekca (ET), 3actymiseHocT oBe dammiuje ocrana
KOH3UCTEHTHA TOKOM CBUX BPEMEHCKHX Tayaka 6osiectu (ciuka 28b). ITopen Tora, moBehame
y 3actymsbeHoctd pamunuje Erysipelotrichaceae je nerexktoBaHo y HeTpeTHpaHOj TPYNH Ha
novetky (Eo) u Ha kpajy (Ex) 6onectu (ciuka 295). Ha ocHOBY pe3yirata metastat ananuse
(cnuka 2811), 3HauajHO CMamkCHE pelaTHBHE 3acTyIUbeHOCTH Gamuiauja Prevotellaceae u
Erysipelotrichaceae nerekToBaHO je y MOYETKY OOJIECTH Y TPYIHU JKHBOTHEA TPETUPAHHX
ButamunuMa be komiuiekca (ETo), y mopehewy ca HerpeTupaHoM rpyrnom xuBotumba (Eo).
TokoMm mika GoiecTH, y TPYIH KHBOTHI-A TPETUpaHUX BHUTaMHHUMA be xomrutekca (ETm),
npumMeheH je 3HauajaH mopacT y 3actymubeHoctn (amunuje Prevotellaceae, y3 3mauajuo
CMamemne y 3acTyiubeHocTH Gamunnje Bacteroidaceae. Ha kpajy Gonectu, 3Ha4ajHe pasinke
mime)y E u ET rpyna mokazane cy camo 3a damunujy Erysipelotrichaceae, umja je

pellaTHBHA 3aCTYIUBCHOCT Omia 3HadajHo Hrka y ET rpymu (cimka 2811).

85



M Muribaculaceae
Tannerellaceae

Xanthomonadaceae ||
Pseudomonadaceae [l Il
Methylophilaceae ||
Sutterellaceae
Sphingobacteriaceae [l [ ]

A) K CFAEo En Ek ETo ETn ETk 5) 100 K CFA Eo En Ek ETo ETn ETk
Prevotellaceae [l 1l B B0 BN 0 I =
Muribaculaceae 50 [l [ BN BN B B = —_
% PenatueHa Bacteroidaceae || 3 =
sactynmwenoct  Erysipelotrichaceae [ | ‘;’ — I
Lachnospiraceae [N — — m | B i
W 000 Oscillosgiraceae <l | — — = —— mm = __ M Spirochaetaceae
1.00 Rikenellaceae 2 B - mmm === W Desulfovibrionace
l"m Desulfovibrionaceae I | - ulrovibri
’ Chitinophagaceae c - . .
0.01 Spirochaetaceae [ E 50 M Oscillospiraceae
Ruminococcaceae ® | . . .
[Eubacterium] coprostanoligenes © I M Erysipelotrichacez
F082 g
<
B
©
G
[}
o

<

E
m
5

noyemak

=]
c
=
3
&

0.40,

s
N
S

m E
T 02 0.04 ET

e
o

PenatuBHa 3acTynibeHoCT

0.00 0.00 0.00
Prevotellaceae  Erysipelotrichaceae Prevotellaceae Bacteroidaceae Erysipelotrichaceae

Cauka 28. AHajIin3a cacTaBa MUKPOOHOTe I[peBa Ha HUBOY hamMunje.

(A) “Heatmap,, 20 HajzacTyrbenujux pamuinja 6akrepuja. (b) Peratusaa 3actymsenoct (%) 10
Haj3acTyIubeHHje uacHTH(GUKOoBaHUX (hamminja Gakrepuja. (1) Pasnuke y penatuBHOj
3aCTYIUBEHOCTH JaTuX OakTepuja m3Mel)y HasHaueHux rpymna. Herperupana EAE rpyna sxuBoTH®Ba
(E), EAE rpyma )uBOTHIbA TpeTUpaHUX BUTaMuHUMa be komrutekca (ET) y Tpu pasiudnte
BpPEMEHCKe Tauke OostecTu: moyerak (0), muk (M) u Kpaj (K); KOHTpoJHa rpymna xuBotumba (K); rpymna

KMBOTHIbA KOjUMa je HHjeKTOoBaH camo komiuieTHr ®@pojuoB amjysanc (CFA).

4.3.2.1 Angpa u 6ema ousepzumem

Kako Ou ce yrBpauia pasHOBPCHOCT MHUKPOOHE 3ajelHUIIE y OKBHPY HCTE TIpylie
KHUBOTHHbA, Ka0 U u3Mely rpyna xuBoTHma, oapehen je anda u 6era ausep3uter. Kao mepa
Pa3sHOIMKOCTH ajida JUBEp3WTETa H3padyHaT je Shannon-oB WHACKC aUBep3WTETa KOJU
Mpe/cTaB/ba MEpPy pa3HOBPCHOCTH €KoJomKe 3ajenHune. Huje nerekToBaHa 3HaudajHa
pasnuka y anda JUBEp3UTETY MUKpOOMOTE aHAIM3UpPAHUX Ipyra >KUBOTHH:A. [IpopauyHoM
weighted UniFrac marpuiie ynabpeHOCTH TpOLEHeHa je 0eTa pa3HOBPCHOCT aHATM3MPaHUX
y30paka KOju Cy pa3BpcTaHH 1o rpymnama 6osect 60e3 tpermana (E) u GomecT ca TpeTMaHOM
(ET). Pesynaratu cy npenacraBibenn Ha aumjarpamy (ciawmka 30). Weighted UniFrac marpuria
yIaJbeHOCTH j€ KBaHUTATHBHA Mepa Oera IuBEp3UTETa, KOja Mopen Opoja pasiuMuuTHX
TAKCOHA M HUXOBE PEIAaTUBHE 3aCTYIJbEHOCTH Y MHKPOOHO] 3ajeHHIM y3uMa y o03up U

nHpopmalrjy o GUIOreHeTCKO] CPOJHOCTU TaKCOHA MACHTHU(PHUKOBAHMX Yy rpylaMa y3opaka
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koju ce ymopehyjy. Ha ocHOBy oBe aHanm3e IOKa3aHa je jacHa pa3jiuKka y CacTaBy
MHUKPOOHOTE IIpeBa, Ije je npuMeheHo Mame OJCcTyname y cactaBy Mukpoouore koa EAE
KUBOTHHA TPETUPAHUX BHUTaMHMHMMa be kommiekca y oaHocy Ha EAE Herperupane
’KHBOTHIbE, y TIOpehemy ca KoHTposHOM rpynoM. Ha ocHoBy npopauyna weighted UniFrac
WHJIeKCa YIa/beHOCTH u3Mel)y KOHTpoJIe ¥ CBUX y30paka (Tabena 6), moKa3aHo je Jia je cacTaB
MUKpPOOHMOTE >KMBOTHIbA Ha Kpajy TpPeTMaHa, Kajia Cy CE CBE JKUBOTHIGE OIOpaBUie, OHO
HAjCIIMYHUJU CaCTaBy MHKpOOMOTE ILpeBa KOHTPOJIHHMX >KUBOTHHbA, ILITO Cyrepuile Ha
3HaYajHy yJOry MHUKpoOMoTe IpeBa y mpoiecy onopaBka. Bpennoctu weighted UniFrac
MaTpUIle YIaJbeHOCTH IOKAa3ad Cy Jia C€ YNaJbeHOCT OJi KOHTPOJHE TIpyIe >KUBOTHHA
cMamuBaia aBoctpyko Behom Opsunom y ET rpynu, y nopehewy ca E rpymom (UniFrac
ungekc ynasbenoctu: ET:E = 8,3:4,5) 3a neo tok Gonectu, nako je Bpeanoct UniFrac
WHJIeKca MMaiia HajBehy OpojHY BPEOHOCT 3a TPETHUPaHE JKUBOTHUIE Y TPEHYTKY HAcTaHKa
Oosectr. Ha ocHOBY mpuKa3aHOT Aujarpama, yoyaBa ce OTEHIIM]jall KOMILIEKCa BUTaMuHa be
na cympumupa AucOMO3y cacTaBa MUKpOOHMOTE IpeBa Koja HacTaje TOKOM IpOorpecuje
0osecTH, OK Ce y HETPETUPAHO] TPYIH KUBOTHIA jaCHO youaBa Behe ojcrymame cacraBa

MHUKPOOHOTE LIpeBa n3Mel)y HCIUTHBAHNX BPEMEHCKUX Tadaka 00JIecTH.

Ta6ena 6. bera muBep3uTeT npepadyHar u u3paxen kao weighted UniFrac ungekc

yllaJbeHOCTH n3Mel)y yzopaka.

K CFA Eo En Ex ETo ETn ETk
K 0 0.173535 0.284747 0.284667 0.19407 0.326013 0.246003 0.159983
CFA 0.173535 0 0.186428 0.1637 0.164375 0.225354 0.163207 0.10299
Eo 0.284747 0.186428 0 0.14472 0.18184 0.202293 0.160026 0.187298
En 0.284667 0.1637 0.14472 0 0.211488 0.167999 0.150631 0.187482
Ex 0.19407 0.164375 0.18184 0.211488 0 0.209439 0.189718 0.115997
ETo 0.326013 0.225354 0.202293 0.167999 0.209439 0 0.199031 0.210075
ETn 0.246003 0.163207 0.160026 0.150631 0.189718 0.199031 0 0.135509
ETk 0.159983 0.10299 0.187298 0.187482 0.115997 0.210075 0.135509 0
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Camka 29. PCoA (enru. Principal Component Analysis) amjarpam u kjiacTepoBame
0akTepujckux 3ajeqHuna Ha ocHoBy Weighted UniFrac maTpuue yia/beHocTu.
Herperupana EAE rpyna sxuotumba (E), EAE rpyna sxuBoTHba TpeTHpaHHX BUTAMUHUMA be
komiutekca (ET) y Tpu pasnuunte BpeMeHCKe Tauke 6osiecTu: moyerak (0), muk (m) u kpaj (K);
KOHTpOJHA rpyna xuBoTHmka (K); rpymna ;kuBoTHma KojuMa je HHjeKTOBaH caMO KOMITJICTHU

Dpojunos anjysanc (CFA).

4.3.3 TakcoHoMcKa aHAJHM3a HA HUBOY poJa

Ha ocHoBy mnojaTtaka (uiIoreHeTcCKor IpBeTa MHUKpOOMOTE I[peBa MpPUKA3aHOI Ha
HuBOy poxaa (cimka 30), mpumeheHo je na HajBUIIe 3acCTYIUb€HHM POJOBH TNPUNANAJy
paznenuma Bacteroidetes wu  Firmicutes, yxspyayjyhu Muribaculaceae, Prevotella,
Prevotellaceae_ NK3B31_group, Prevotellaceae_ UCG-003, Bacteroides, Clostridia_ UCG-
014 u Dubosiella.
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Cauxka 30. ®ujI0reHeTCKo ¢TadJ10 MUKPOOHOTE PeBa HA HUBOY Poja.
PenaruBHa 3aCcTYNIBEHOCT CBAKOI POAA j€ MPHKa3aHa U3BaH KPyra pa3iuuuTiM O0ojama 3a CBaKky
rpyny xuBotuma (K, CFA, Eo, En, Ex, ETo, ETn u ETk). 'pane ¢unorenerckor 1pBera o3HaueHe
pa3nuuuTUM 00jama MpeACcTaBibajy pa3InuuTe paselie Haj3acTyIUbEHUjUX POIOBa: pa3lenn
Bacteroidetes (po3e) u Firmicutes (6ex). Herpetupana EAE rpyna sxuotuma (E), EAE rpyma
XKHUBOTHIbA TPETUpaHUX BuTaMuHuMa be kommiekca (ET) y Tpu pa3nuunTe BpeMEHCKe Tauke
6onectu: movetak (0), nuk (M) U Kpaj (K); KOHTpoIHA rpyna xuBoTuiba (K); rpymna sxuBoTHba KojuMa

je uHjexToBaH camo KomiuieTHH PpojuoB agjysanc (CFA).

VY ucnuTHBaHUM y30pLKMa mpuMeheHo je IPUCYCTBO HEKOJIMKO poJioBa U3 (paMuimje

Prevotellaceae, a pasnuke y ®HUXx0BOj 3actymibeHocTd youeHe cy usmel)y E u ET rpyna y
pasnmuuntuM ¢azama coaectu (ciauka 31).
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Cauka 31. Ananu3a cactaBa MUKpPOOHOTe LipeBa HA HUBOY poJa.

(A) “Heatmap,, 20 Haj3acTyrubeHujux dakrepujckux poaosa. (B) Pematusna 3actymseroct (%) 10
Haj3aTyIJbeHU]e uaeHTuGUuKOBaHUX poaoBa O0akrepuja. (L) Tpenn npoMeHe peslaTUBHE
3aCTYIUBEHOCTH pojIoBa yHyTap damuirje Prevotellaceae 3a nerperupane EAE xuBotumbe (E) u
EAE xuBotume Tpetupane Butamuanma be xommiekca (ET) y Tpu paznuunTte BpeMeHCKe Tadke
Oonectu: moverak (0), muk (M) ¥ Kpaj (K); KOHTposHA rpyna xuBoTHba (K); rpyma sxuBoTHIa KOjuMa

je unjekroBaH camo komiuieTHr @pojuaos ajyBanc (CFA).

bakrepuje dammnuje Prevoteallaceae na ocHoBy kopumihiene Silva 6aze ykibydyjy
ponose Prevotellaceae NK3B31, Prevotella 9, Prevotellaceae UCG-001 u Prevotellaceae
UCG-003 3a kxoje cy npumeheHe MCTakHyTe NMPOMEHE Yy 3aCTYMJbEHOCTH TOKOM MpOTrpecHje
Oonmectn, mnpahemeM y TpH BpEeMEHCKE Tauyke. 3HAuyajHa HETraTHMBHA Kopenaiuja y

3actymbeHocT poxaa Prevotellaceae UCG-001 w  kimuHmukux 3HakoBa (ITupcoHOB
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koedumjent kopenamje — 0.719, p = 0.044) ykasyje na je cMambemhe KIMHHYKIX CUMIITOMA
Moaa mpaheHo moBehameM 3acTyIJbEHOCTH IMPEICTABHUKA HABEIECHOT OAKTEPHUjCKOT poja
(rabema 6). Takohe, moka3zaHo je ma je omHOC 3acTyrmubeHocTH pona Prevotella na kpajy
oonectu, y E u ET rpynama, 6uo cimvan oHOME KOju je youeH koj koHTposHe rpyme (K).
Tpena mpomMeHe pelaTHBHE 3aCTYIJLEHOCTH poaoBa yHyTap damunuje Prevotellaceae (ciuka

31I1) mpencTaBsbeH je HA OCHOBY JaTUX BPEIHOCTH MPUKa3aHUX y Tadbenu 7.

Ta6ena 7. PenatuBHa 3aCTyIUbeHOCT pojoBa yHyTap (hamunuje Prevotellaceae y

Pa3IMYUTUM y30pLHMA.

Pon K Eo En Ex Eaverage ETO ETn ETk  ETaverage

Prevotellaceae NK3B31 0.2125%0mA¢ 0.0081° 0.0088° 0.1476  0.1476  0.0084"  0.0096"  0.0843° 0.0341

Prevotella_9 0.1415 ®r~ 0.0855 0.0305"  0.055" 0.0570  0.0400* 0.0688 0.0960 0.0683
Prevotellaceae UCG-001 0.0682 0.0226 0.0184  0.0527  0.0312 0.0240 0.0313 0.0500 0.0351
Prevotellaceae UCG-003 0.0456" 0.0305 0.0261" 0.0261  0.0276 0.0261  0.1429**  0.0514 0.0735

Alloprevotella 0.0335! 0.0654"*  0.0292 0.0232  0.0393 0.0125 0.0464 0.0449¢ 0.0346
Prevotella 0.0199 0.0085 0.0034  0.0075  0.0065 0.0074 0.0116 0.0109 0.0100
f_Prevotellaceae_g_NA 0.0108 0.0055 0.0081  0.0078  0.0071 0.0070 0.0098 0.0100 0.0089

Prevotellaceae Ga6Al
group

0.0017 0.0025 0.0062  0.0053  0.0047 0.0023 0.0052 0.0015 0.0030

CrnoBa a-k o3HauaBajy MapoBe Yy3opaka KOJ KOJUX CY JETEKTOBaHE pasjMKe y pelaTHBHO]
3aCTYIUBEHOCTH OakTepuja yHyTap Gammianje Prevotellaceae ma OCHOBY CTaTHCTHYKE aHAIN3€
metastat ummementupane y Microeco makery. Herperupane EAE xuBotume (E); EAE xuBoTHIbE
tpetupane ButamMmuHuMa be kommnekca (ET); kontpomnna rpyna sxuBotuma (K); rpyna xuBoTH®ma
KOjMMa je MHjeKTOBaH camMo komiuieTHr DpojuioB agjysanc (CFA); Tpu pasnuuute BpeMEHCKE TauKe

6onectu: moverak (0), nuk (M) u Kpaj (K).

4.3.4 OppehuBame pejaTHBHE 3aCTYIJbEHOCTH CerMeHTHCAHMX (HIAMEHTO3HUX
O0akTepuja
AHanu3za pellaTUBHE 3acTyIJb€HOCTH CErMEHTHCAHUX (PUIaMEHTO3HHMX OakTepuja
(CDB) ypahena je mpumenom (PCR ananmse. Pe3dyaratu Cy mpuKa3aHd Kao pejaTHBHA
3aCTYIIBEHOCT IpepadyHara mpumerom 2 ' meroze (rpaduik 4). 3Hauajue pasmuke usmel)y
rpyna HUCY JeTeKToBaHe, MehyTuM, Moryhe je youuTw TpeHJ NpPOMEHE KOjUu MpaTh TOK
6onectu. Y nopehemwy ca E rpynom, npumehen je TpeHa cMamema y 3acTymibeHoctu CDb y

ET rpymu, 3a cBe Tpu BpeMEHCKE Tauyke OOJIECTH: MMOYETaK, MUK U Kpaj.
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I'padux 4. PesiaTuBHA 3aCTYIULEHOCT CETMEHTUCAHNX (PMIAMEHTO3HUX OaKTepHja.
Pesynraru cy npukasaHu Kao cpefilba BPEJHOCT U CTaHap/a IPellKa pelaTUBHE 3aCTYIJbEHOCTH
COb. Herperupana EAE rpyna xxuBotuma (E) u EAE rpyna »kuBoTHma TpeTHpaHUX BUTaMHUHIMA be

xomiutekca (ET), Tpu BpemeHcke Taduke OosiecTu: moderak (0), muk (m) u Kpaj (K).

435 IlpeaBuhame MeTa0OJMYKOr KanmamuTera MHKPOOMOTEe I1peBa NPUMEHOM

MicFunPred nporpama

VYTHmaj xoMmIuiekca BUTaMHHa be Ha mpoMeHe y MeTaOOJUYKOM KalalmuTeTy
mukpoouore 1pesa y EAE, ucnurtan je mpumenom MicFunPred mporpama koju mpensuba
MeTa0OIMUKH/(PYHKIIMOHAIHM  KamauuTeT Mukpobuote upea. Ha cimkama 36-38 cy
npuKa3aHe TmpeaBuleHEe paszIuKe y MeTaOOJMYKOM KalaluTeTy MHUKpOOMOTe IpeBa Kao
pelaTHBHE 3aCTYIJBEHOCTH MPEIBUl)EHNX METa0OIMYKUX MyTeBa (HOPMAIU30BaHE y OJTHOCY
Ha koHTpoxy (K) u npeacrasibenn kao L0g2 onHOCa BpeIHOCTH 32 TECT U KOHTPOJIHY TpyILy,
Log2FC). Ha ocHoBy mn00MjeHHX IojaTaka, 3a IpPUKa3 penpe3eHTaTUBHUX pe3ysraTa
onabpanu cy Merabonuuku nyteBu nobujenn Ha ocHoBy KEGG Orthology (KO) 6a3se, koja
oOyxBara HajJleTabHUJU OIUC META0OJUYKUX MyTeBA KIACU(UKOBAHUX Y TPU HHBOA.
Pesynratu LefSe ananmse nmokaszanu cy a He Mocroje 3Ha4ajHE Pa3jiMKe y 3aCTYIJbEHOCTH
npensuhennx Merabonuukux nyreBa usmehy E um ET rpyna, ogHOCHO fna MCHIHUTHBaHE
pasMKe y BPEAHOCTHMA 3aCTYIJBEHOCTH METa0OJMYKUX IyTeBa He moctiky LDA mpar
3HauajHocTH > 2. Mako 3HauajHe pasznuKe HUCY JETEKTOBaHE, YOUeH je TPEeHJ IpoMeHe
M3BECHUX MeTa0OIMYKUX myTeBa naMel)y ucnurtuBanux E u ET rpyna. MicFunPred ananuza
rerepucana je ykynHo 284 nnentuduroBanux (KEGG) opronora (KO) y cBakoM y30pKy, 011
KOJHX CY 3a TIPEICTaBJbale pe3yiTaTa oJadpaHu MeTa0OJIMYKH MYTEBH YHje Cy TPOMEHE
Owiie HaJIPOMUHEHTHHU]E€ U KOj€ CY y JUTEPATypH acollMpaHe ca WH(IaMalujoM U pa3BojeM
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myntumie ckiaepoze. KEGG oprosno3u mpencraBibajy rpyne reHa KOju Cy KOH3EPBUPAHH Y
pa3IMYMTAM BPCTaMa U acolMpaHu ca ojapeheHnM mpoiecuma/mMeTaboIMIKUM ITyTambama. 3a
onabpane Mertabonuuke myrese, ypahen je Wilcoxon signed-rank test (False discovery rate
(FDR) < 0,05). 3a oBy ananusy, ynopehene cy Log2FC Bpennoctu usmely nse rpyne (E u
ET) 3a cBaky BpeMeHCKy Tauky Oojectu. Pe3ynraTu cTaTMCTHUYKE aHAIM3E YKaszajiu Cy Ha
[I0CTOjarbe 3HaYajHOCTH y MOYETKY M Ha Kpajy Oosiectu (p < 0,0005), mok y muky OosecTH

HUje ACTeKTOBaHAa 3Ha4ajHOCT u3Mel)y rpyma.

[Tpenukimona ananu3a ypahena je 3a cBe TpH UCIIUTUBAHE BPEMEHCKE TauKe OOJIeCTH
(Tmoyerak, MUK ¥ Kpaj), IprukazaHo Ha cimukama 32-34. Knacupukanuja KEGG metaboimmukux
MyTeBa Ha IPBOM HUBOY IOKa3aja je Ja je kareropuja ,,Merabonu3zaMm™ Haj3acTylJbeHH]a, a
3atuM cnene ,,0O0paga uHdopmanMja O KHBOTHOj cpeauHU” U ,,OpPraHCKA CHCTEMH .
Cnenehu mnomuuBOo Karteropwje ,,Merabonm3aM™, ToOKa3ao je Jna je Merabonm3am
aMHHOKHMCENIMHA, YIJbeHUX XHJpaTa W JHUNHAA HAju3paKeHHjH, a Takohe M EHEepreTcKu
MeTabonu3am. Pe3ynraTu aHanuze MeTaOOJMUYKOI KalaluTeTa MOoKa3alu ¢y Ja cy Hajuemhe
IIPOMEHE JIETEKTOBaHE y METa00IM3My aMHHOKHCENIMHA 3a CBE TPU MCIIUTHUBAHE BPEMEHCKE
tagke Oojnectu. Kao mTo je mpukazano Ha rpaduKy 5, Ha MOYETKY OOJIeCTH, Haj3HAYAJHH]C
npomene m3mehy E u ET rpyne Oune cy youeHe 3a cienehe merabommuke myrese: “ABC
tpancnoprepu (enrn. ATP-binding cassette)”, “buocuHTe3a (eHnnanaHuHa, THPO3MHA H
Tpuntodana”, “buocuHTe’a MpUMapHHUX >KyYHUX KHcelnMHa , “bBuocuHTe3a ceKkyHIapHUX
KYUHUX KucenuHa U “Metabonuszam taypuHa/xunoraypuHa”. Y nuky 6ornectu, y E rpynu
je mpumeheHo 3HauajHO TOBehame Yy 3acTYyIJbEHOCTHM TyTeBa: ‘“‘bumocuHTe3a BanvHa,
u30JIeyllMHa U JeynuHa”, “MeTtabonu3am apruHuHa U npoiuHa”, “Merabonus3aM THpO3MHA™
u “Merabonu3am MeTaHa”, 3a Koje je mokazaHo na cy 6w cmawenu y ET rpynu (rpadux
6). Ha kpajy Gonectu, mpoMeHe y HMPOAYKLUHUJU METAOONMUTA KOJU YTHUY Ha MeTabOIMyKe
nyreBe kao mro ¢y “Judepennujanmja Thl7 hemuja”, “bruocuHTe3a BaiuHa, W30JIEyIIHHA U
neynuHa”’, “bHOCHMHTE3a NpUMapHMX JKY4YHMX KHUCenMHAa , “bHOCHMHTE3a CEKyHAApHHX
KYUHUX KHcennHa”, “buocunresa (eHnnananuHa, THpo3uMHa U Tpuntodana”, “Merabonuzam
[IUCTeNHA U METHOHUHA”, “Jlerpajanrja BajJuHa, U30JEeyIIMHA U JieynuHa”, “Mertabonuzam
Tpunrodana” u “Pukcanyja yrjbeHuka” cy npumehene y obe rpymne (rpadux 7). ¥ E rpynu,
uaeHTU(UKOBAHO je moBehame 3acTyIIbeHOCTH OBUX MyTeBa, MoK je y ET rpynu npumeheno
CMambEHEe 3aCTYIJbEHOCTH OBUX METAa0ONIMYKuX myTeBa. J(oOujeHH pe3ynTaTH ykasyjy Ha
NOTEHIMjallHy YJIOTYy TpeTMaHa BUTaMHHUMa be KoMmIulekca y Monynanuju (yHKIuje
MUKpPOOHOTE 1peBa koj namosa ca EAE-om.
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. EO ABC TpaHcnopTepu
ETO MeTa6onusam Kodaktopa
MeTtabonusam metaHa
Qdukcaumja yrroeHuka
Metabonuszam nupyBaTta
MenTo30-thocchaTHn nyT
Fmukonusa/rnykoHeoreHesa
MeTtaGonusam TaypmHa/xunortaypuHa
Meta6onusam TpuntodaHa
Oerpapauuja BanuHa, neyuuHa u n3oneyumnHa
MeTtabonusam apruHMHUHA U NPONUHa
MeTtabonusam TUpo3uHa
MeTtabonusam rnuMunHa, cepuHa M TPeOHUHa
Metabonuzam uMcTeMHa U METUOHMHA
Metabonusam xucTtugmHa

BuocuHTesa cheHunanaHnHa, TMpPo3nMHa U TpuntochaHa
MeTabonusam anaHuHa, acnapraTta U rmyramara
BuocuHTe3a BanuHa, neyuuHa u usoneyumHa
MeTtabonusam cmHronunupa
BuocuHTe3a ceKyHAAPHUX XYYHUX KUCEenuHa
BuocuHTe3a npUMapHKUX XKYYHUX KUCenuHa
CurHanuu nyt NOD-peuenTopa

OudpepeHumjaunja Th17 henuja

I'padux 5. lIpeasuhame MeTadOIHMYKOT KaNalUTETa MUKPOOHOTE LIPeBAa HA MOYETKY
pa3Boja GoJiecTu.

MicFunPred ananusa npensul)ama METabOIMYKUX ITyTEBa y y30opirMa HeTpetupanux EAE
xuBotuma (E) u EAE xuBoTuma Tpetupannx ButamuanMa be kommekca (ET) Ha nmouerky Gonectn
(0). Peripe3eHTaTHBHE PE3yNITATH CY MPEACTAB/EHN KA0 PEATUBHE 3aCTYIIJbEHOCTH (HOPMAITH30BaHEe

y OJTHOCY Ha KOHTpOITy  npezctaBibern y GpyHkuuju Log2FC) na ocroy KEGG Orthology (KO)

uaeHTH(QUKAILIN]je METa0OUIKIX TyTEBa.
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M En
ABC TpaHcnopTtepu
ET|1 MeTtabonusam meTaHa
®dukcaumia yrroeHuka
MeTtabonusam nupyBarta
MeHTO30-hocchaTHU NyT
Fmukonusal/rnykoHeoreHesa
MeTabonusam TaypuHa/xunotaypuHa
Metabonusam TpunTtocpaHa
Oerpanauuja BanuHa, neyuuHa v nsoneyuuHa
MeTabonunsam TUpoO3uHa
Metabonusam aprmHMHMHA U NPONMHA
MeTabonusam rnMuMHa, cepvHa U TPeOHUHA
MeTtabonusam uMctemHa 1 METMOHWHA
MeTabonusam XxMcTtugumHa
BuocuHTe3a (heHMnanaHuHa, TMPO3nHa KU TpunTochaHa
MeTtaGonuzam anaHuHa, acnapraTta v rmytamara
BurocuHTesa BanwHa, neyuvHa 1 M3oneyuuHa
MeTaGonusam MacHUX KucenuHa
Meta6onusam cuHronunuga
BuocKHTe3a ceKyHOAPHUX XY4YHUX KACETTMHA
BuocKHTe3a NPUMapPHUX XYYHUX KUCENUHA
CurHanHu nyT agMnouuToKuHa
OudpepeHuynjaumnja Th17 henunja

7 6 5 43 2101 2 3 4

I'padux 6. lIpensuhame MeTadOIHYKOT KaNnalUTeTa MUKPOOHOTE LIPEeBA Y MUKY
0oJiectu. MicFunPred ananusa npepulama MeTabOIMYKUX MyTEBa y y30pIUMa HETPETHPAHHUX
EAE xuBotuma (E) u EAE xxuBoTuma Tpetupannx suramuanma be komrekca (ET) y nuky
Oonectu (m). PenpeseHTaTUBHY pe3yATaTH Cy MPEACTABILEHH Ka0 PEJaTHBHE 3aCTYIIJLEHOCTH
(HOpMalTM30BaHe y OJHOCY Ha KOHTPOJIY U npezcTaBibenu y ¢pyHkuuju Log2FC) Ha ocHory KEGG

Orthology (KO) unentudukarmje MeTaboNIn4KUX MyTeBa.
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. EK dukcaumja yrroeHukKa
Metabonusam nupyBarta

ETK MeHTo30-thoccaTHm nyT
Mukonusa/rnykoHeoreHesa

MeTtabonuzam TaypuHa/xunoraypusa

MeTtabonusam TpuntochaHa

Oerpapauuja BanvHa, neyuuHa 1 M3oneyuuHa
MeTabonuazam TUpPO3UHA

MeTabonu3am apruHMHUHA U NPONMHAa

MeTaGonusam rnMuuHa, cepuHa U TPEOHMHA
MeTtabonusam umcTeMHa U METUOHMHA

MeTabonusam xucTugumHa

BuocuHTesa cheHnnanaHuHa, TMPO3nHa M TpunTodpaHa

MeTta6onuaam anaHuHa, acnapTtaTa 4 rnytamara
BuocuHTe3a BanwHa, neyuuHa 1 usoneyuuHa

MeTta6onuzam ccpuHronmnmupa

MeTabonuzam MacHUX KMCEruHa
BuocuHTe3a ceKyHOapHUX XY4YHMX KMCernuHa
BuocuHTe3a NnpuMapHUX XKYYHUX KUCenuHa
CurHanHm nyT agMnoumnTOKUHA

OudepeHumnjaunja Th17 henuja

45 4 3 2 414 0 1 2 3 4

I'padux 7. lIpeasuhame MeTa00IHMYKOI KaNlalUTETa MUKPOOHOTE LIPEBA HA KPajy
0osecrn.

MicFunPred ananu3a npensubama METabOINUKUX ITyTeBa y y3opirMa HeTpetupanux EAE
xuBotuma (E) u EAE xxuBoTuma Tpetupanux sutamuauma be komiiekca (ET) Ha kpajy Gonectu
(k). Penpe3eHTaTUBHHU Pe3yNITaTh Cy NPEICTABILEHN KA0 PEJIaTUBHE 3aCTYIIJbEHOCTH (HOPMAJIN30BaHEe
y OJIHOCY Ha KOHTPOJTy  npeactaBibenn y Gyuknuju Log2FC) na ocrory KEGG Orthology (KO)

uaeHTH(HKAIN]e METa0OIMIKUX TTyTEBa.
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4.4 In vitro ucnuTHBambe AHTH-HH(JIAMATOPHHX M HEYPONPOTEKTHBHHUX
cBOjcTaBa KoMILIekca ButamuHa be

Y mwby WCIHTHBaWkA yTHIAja KOMIUIEKca BuUTamMuHa be Ha ¢yHknuje henuje
MHUKPOTJIHje, jJeIHUX OJ KJ/bYYHHX TNOCpeqHuKa XpoHumuHe wuHpmamanuje y LHHC-y,
aHaIM3MpaHa Cy aHTHU-MH(IaMaTopHa CBOjCTBA, Ka0 M IOTEHIMjalHAa HEYpPONPOTEKTHBHA

aKTHMBHOCT KOMILJIEKca BUTaMuHa be.

441 Edexktn xoMmmiekca ButamMuHa be Ha ¢ynknuje akruBupanux BV2 heamja
MHUIIje MUKPOTJIHje
I[Ipumenom MTT Ttecra yTBpheH je mOTeHIMjal KOMIUIEKca BuUTamMuHa be ma
MOJTyJIMIIY MeTaOboJINYKy akTUBHOCT junononucaxapuaom (JIIIC) akruBupanux BV2 henyja.
Kao mro je mpukazano y tabemu 8, ycnen crumyinanuje JIIIC-om MeTabonmyka aKTUBHOCT
BV2 hemuja je cmamena, y mnopehemy ca HecTmMmynucaHuM henujama. Mehytum,
Mmetabonuuka akTuBHOCT JIIIC-om ctumynucanux BV2 henmja Ouna je 3HauajHo mosehana

HAaKOH TPCTMadHa KOMILJICKCOM BUTaMHHAa Be, Yy CBC TpH UCIIMTUBAHC KOHI_IGHTpaI_[I/Ije (Ta6ena

8).

Ta6ena 8. Edpextn komruiekca Butamuna be Ha ¢pyHkuuje aktuBupanux BV2 henuja mumje

MUKPOTJIH]E.
Konrpona JIIC KBB + JIIIC (pM)
50 100 250
MTT (%) 100.00+3.75  78.37+1.15° 98.94+1.76 ~  101.94+3.85  101.10+4.33"
HBT (uHmekc) 1.00 £ 0.05 1.48 + 0.05" 1.20+£0.067  0.90+0.04™"  0.79+0.047
NO (uM) 0.64 + 0.55 29.00 +0.68" 16.77+0.33"" 1544+0507  853+0817
IL-6 (pg/mL) 1.9 £ 0.095 255.6 + 6.1  143.8+6.197  956+51 40.6 3477

Fkkk Fokkk

TNF-a (pg/mL)  159.4+7.97  1539.4 +17.1"" 15064 +26.07 13124+19.5 1009.4 + 16.8

Pesynraté cy mpeacTaB/beHH Kao Cpefra BPEAHOCT + CTaHJAap/AHA IpelKa, U3 Pelpe3eHTaTHBHOT eKCIIepHMEeHTa Of TpU
He3aBHUCHa ekcrepuMeHTa u3BeneHa y ksarpuruiukaty 3a MTT, HBT u NO rtectoBe. 3a IL-6 u TNF-a pesynratu cy
IPEICTaBbeHH Kao KOHIeHTpauuja (Pg/mL), u3 penpe3eHTaTHBHOT CKCIEPHMEHTa OJ [Ba HE3aBHCHA EKCIIEPHMEHTa
n3BeneHa y kBarpumumkaty. KBB (xommiexc Burammua be); JIIIC (mmomommcaxapun); #p<0,05 vs. mHectmmymmcane

hemnuje, ####p<0,0001 vs. nectumynucane hemuje; *p<0,05 vs. JITIC, ****p<0,0001 vs. JITIC.

Kao mTo je n ouekuBano, crumynanuja BV2 henmja JITIC-om nosena je mo noehane
npoaykiyje wHpIamaropHux Meawmjaropa, ykibyayjyhum POK, NO u mpo-undiamaropHe
utokuHe (IL-6 u TNF-a) (tabena 8), y nopehemy ca Hectumynucanum henujama. JloOujeHu
pe3yaTatu Cy MoKaszajiM Jia je TpeTMaH BUTaMHHUMa be kommiiekca y cBe TpH HCIHUTUBAHE

KOHIICHTpAIlMj€ 3HA4ajHO CMamHO MPOAYKIH]Y HH(GIAMATOPHUX MeEIWjaTopa O] CTpaHe
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JITIC-om ctumynucannx BV2 henwmja, a Tperman y HajBuIoj koHieHTpamuju (250 uM) je

HCIIOJbHO U Haj3Ha4YajHHju edekat (Tabena 8).

442 Edekar Tpermana ButaMmuiumMa be koMmiuiekca Ha peHOTHN aKTHBHpPaHux BV2

hesuja MumIje MuUKporanje

Kako 0u ce ucnurano aa au cy aHTH-UH(GIaMaTOpHH e(DEeKTH KOMIUIEKCAa BUTAMUHA
be y kopenauuju ca ekcrpecujoMm cnenupuuHuX Mapkepa henuwja MHKpoOriHje, TPUMEHOM
NpOTOYHE LUTOMETpUje ymopeheHa je ekcmpecuja pasnuuutux mnporenHa kopn JIIIC-
ctumynucannx BV2 henwja u BV2 henuja tpetupannx Buramuanma be xomrekca. Argl je
KJbydHH Mapkep M2 henmuja MUKpOTIIHje YKIbYYCHHUX Y aHTH-HH(pIaMaTopHu oarosop [147],
IOK je HemaBHO mokazaHo na je NRF-2 ykibydeH y perynaiujy OKCHUAATHBHOT CTpeca y
Heypounduamanuju [148]. Kao mro je u ouekusano, JIIIC je cmamuo excupecujy Argl u
noBehao excripecujy NRF-2 (cimka 32), nok Tpetman BuTamuHiMa be komIuiekca Huje najbe
Moaynupao ekcrpecujy Argl, amu je 3HadajHo mosehao ekcrpecujy NRF-2. butHo je
Harjacutu Ja je excrnpecuja NRF-2 6una nmosehana ycnen crumynanuje JIIIC-om, unja je

eKCIpecHja 1oaaTHo nmoBehaHa HaKOH TpeTMaHa BUTaMHMHAMA be komutekca (ciuka 32).
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Cauka 32. E¢dexar Tpermana Butamuauma be kommiekca Ha eHoTHCKE

kapakrtepuctTuke JIIIC-om crumyaucanux BV2 heauja.
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(A) ,,Gating*“ crparernja — mocrymak ogabupa IHIBHNX hemrja 3a COpTUparbe y 3aBUCHOCTH O
muxoBux crermudrunnx SSC/FSC kapakrepuctuka (enri. Side Scattering, SSC; Forward Scattering,
FSC), nakon yknamama ayonera y ckiany ca (FSC)-A/FSC-H. (B) Taukactu rpadMKOHH eKCIIpecHje

Argl n NRF-2 na HectumynucanuM u henujamMa TpeTupaHuM BUTaMuHUMA be koMIuiekca y Tpu
pasmmunte konnentpanyje. (B) Epextn xomruiekca Buramuna be na excripecujy Argl u NRF-2 Ha
HecTUMyJHcaHe U henuje TpeTupane ButaMuHnMa be koMmIuiekca, y Tpu pa3inuuTe KOHIIGHTpaIyje.
CBa Mepema cy ypaleHa y KBaTpUILTUKATy U y TPU HE3aBHCHA EKCIIEpUMEHTa, padyHajyhu cpeamy

BpPEIHOCT * cTaHAapaHa AeBujauuja. [Ipukazanu cy pernpeseHTaTuBHU pe3yaratd. *p < 0,05y

nopehemwy ca oarosapajyhum kontponama. Jlunononucaxapun (JIIIC); Kommieke BuTamuna be

(KBB).

Kao mTo je mpencraBmmeno (cimuka 33), ekcrnpecuja IL-4 u CD163 je 3HauajHo
nosehana kox JIIIC-om ctumynucannx BV2 henmja Tpetupanux BurammanMa be komruiekca,
y mnopehemy ca nerpetupanuMm JIIIC-om crumynucanmm BV2 hemmjama. Ilopen Tora,
excripecuja CXCR1 u CD11c je moBehana HakoH TpeTmMaHa BuTamuHuMa be xommiekca, y
nopehewy ca Herperupanum JIIIC-om ctumynucanum BV2 henujama (cnuka 33). Jlobujenu
pesynratu cy Takohe mokasasm mnoBehame ekcrnpecuje ILT-3 m Ly6C xom JIIIC-om
crumynucanux BV2 henmja y mopehemy ca konTposiom (Hectumynucanum BV?2 henmjama),
JIOK je eKcIIpecrja OBHX MpoTernHa Onia 3HayajHO CMambeHa HAKOH TpeTMaHa BUTaMUHMMa be
komrutekca (ciuka 33). Y nopehewy ca kontponom, HuBo ekcnpecuje CD11b u CD86 6wuo je
nosehan Hakon JIIIC crumynanmje, y mopehemy ca HectumynucanuM BV?2 henmjama (cimka
33). Hakon Tpermana ButamuHuMa be kommiekca, excripecuja CD11b je nopatHo mosehana
on crpane BV2 henuja, 1ok je excnpecuja CD86 nmokasana TeHAEHIH]Y cMambema. [looujenn
pe3yaTaTd yKaszyjy Ha NOTEHIMjajJHy YJIOTy KOMIUIeKca BHTaMHHAa be y Monynanuju

¢denorunckor npodwia JINIC-om ctumynucanux BV?2 henuja.
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Cauka 33. EdexTn kommniekca ButaMmuHa be Ha excnipecujy ogadpanux Mapkepa Koj
JIIC-om ctumyaucanux BV2 heanja.

(A) Edexrn komruiexca Buramuna be Ha excripecujy CD11b u ILT3 Ha HecTuMysmcane u henuje
crumynucane JITIC-om, y TpH pa3induTe KOHICHTpAIM]e, IPEICTABIbEHU Ka0 CPeIhbU NHTCH3UTET
thayopecuiennuje (enria. Mean Fluorescence Intensity, MFI). (B) Edexru xomitekca Butamuna be Ha
excrpecujy CD163, IL-4, CD11b, CD86, ILT3, Ly6C, CXCR1 u CD11C ko HECTUMYIHCAHHUX H
henuja TpeTHpaHUX KOMILIEKCOM BUTaMuHA be, y Tpu pasnuunte KOHIIEHTpAIHje, MPEJICTaB/beHE Kao
MFI wim npouienar (%). CBa Mepema cy ypal)eHa y KBaTpUIUIMKATy Y TPU HE3aBUCHA EKCTICPUMEHTA,
pauyHajyhu cpe/isby BpEIHOCT £ CTaHIapIHy AeBHjalnjy. [I[pruka3anu Cy pernpe3eHTaTHBHU
pesyaratu. *p < 0,05 y mopehemy ca oarosapajyhum kourposama. Jlunononucaxapun (JITIC);

Kowmruiexc Burtamuna be (KBB).
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443 Edekar cynepuaranata BV2 henuja Tperupanux BuramuunMma be kommiekca
Ha HeypoHcke SH-SY5Y henuje
Edexkar cynepnaranara JII[IC-om crtumynucannx BV2 Themuja wmukporiuje
TpeTUpaHuX BUTaMUHUMA be Komriuiekca Ha Mmerabonnuky aktuBHOCT SH-SYSY Heypona
npuKasaH je Ha rpaduky 8. HakoHn mnkybanuje henuja HeypoHa y MPUCYCTBY CyIIEpHATAHTA
JIIC-om ctumynucanux BV2 henmja mMukporiuje TpeTupaHux BUTaMHHHUMa be komruiekca,
nporeHaT MeTaboIMYKe aKTUBHOCTH HEypoHa Ouo je 3HavajHo moBehan y mopehemy ca

HEypOHHMMA TpeTupaHuM cynepHarantuma camo JIIIC-om ctumynucanux henuja MUKporimje.

ek ek *EEF jadatabed

-

N

o
A

(=]
o

Y
o

HeypoHa SH-SY5Y (%)

o

MeTabonuyka aKkTMBHOCT

anc = + + + +

— 50 uM 100 uM 250 uM

I'paduk 8. Edexar cynepuaranara JITIC-ctumynaucanux BV2 heaunja Tperupannx
puTamuanMa be kommiekca Ha MeTa60M4Ky akTUBHOCT SH-SY5Y heamja.
PesynraTu Cy H3pakeHH Kao Cpejiiba BPEAHOCT + CTaHIap/iHa IPEIKa, U3 Pelpe3eHTaTHBHOT
€KCIIEpHMEHTA Of] TPH HE3aBHCHA EKCIIEPUMEHTA U3BeieHa Y KBaTpumukaty. ##p<0,01 JIIIC-om
ctumynucane BV2 henwje vs. Hectumynucane hemmje. ****p<0,0001 JIIIC-om ctumynucane BV?2
henuje Tpetupane BuramuanMa be kommekca vs. JIIIC-om ctumynucane BV2 henuje.

Jlunononucaxapuy (JITIC); Kommuieke Butamuna be (KBB).

Mertabonnuka akTUBHOCT SH-SYSY  HeypoHa TpeTupaHux CynepHaTaHTHMa
HecTuMynucaHux BV2 henmja Huje ce 3HayajHO paszIuKoBajia OJf KOHTPOJHHMX hemnuja
TPETHPAHUX CaMO KOMILUIETHUM MEJINJyMOM, JIOK je TpeTMaH cynepHaTantuma kynrype JIIIC-
oM crumynucanux BV2 henmja 3Ha4ajHO CMamHO TPOICHAT META0ONWYKE AKTHBHOCTHU
HeypoHCcKuX henuja. MelyTum, mokasaHo je Aa je TpeTMaH BHTaMUHMMa be komriekca
eJIMMUHKICA0 HEYPOTOKCHYHM edekaT cynepHaraHata kynrype JIIIC-om aktuBupanux BV2
hemuja. ITokazano je ga cy cymepHarantu JI[IC-om aktuBupanux BV2 hemmja tpermpanux
BUTAaMHHAMa be KOoMIUIeKca y cBe TpW MCIUTHUBAHE KOHIICHTpalnuje moBehage MeTaboInIKy
aKTUBHOCT HeypoHckux hemuja (rpadux 8). OBu pesynraTu ykasyjy Ha MOTEHIHjall

ButamMuHa be na yOmaxke/cipeue HEYpOTOKCHMYHHM edeKaT IOCpeAoBaH MeaujaTopuMa
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MPOJYKOBAaHUM O]l CTpaHE aKTHUBUpaHMX henwja mMukporiauje. Ha oBaj HauMH, KOMIUIEKC
BuTaMMHa be  Moxe  nma  uHXMOHMpa/cMamu  HEYpOJCTSHepalujy  H3a3BaHy
HEeypoWH(IIAMaIlMjOoM, IITO OBE€ BUTAMHUHE YHHH JeJHHM OJ  TOTCHIU]jaTHHX

HEYpPOIIPOTEKTUBHUX arcHaca.

4.5 MoJieKyJCKH TOKUHT

Kako 6u ce ncnurany nMoTeHIMjaIHN aHTU-MH(IAMATOPHI MEXaHU3MHU UCTIUTUBAHOT
koMmiuiekca ButamuHa be (bel, be2, be3, be5, be6 u bel2) npema kjpbyyHUM NpOTEHHHMA
JIIIC-unnykoBanor wuH(pnamaropHor mnyra (LBP, CD14 u TLR4/MD2) y henujama
mukporiuje, kao u mnpema INOS mporteuny, ypaljeHa je aHaim3a MOJEKYJICKOT TOKHHIA.
Bpennoctu enepruje BesuBama (AG), koncrante naxubdbuimje (Ki) u unrtepakuuje nsmely
AMHHOKHMCEIIMHCKUX OCTaTaka MECTa Be3WBama MPOTEHHA O]l MHTEpPECa M CBUX BHUTAMHHA U3
KOMIUICKCa Mpe/ICTaBJbeHn ¢y y Tabenama 9-14. Ha ocHOBY H00HMjeHUX pe3ynTara, MoKa3aHo
je 1a CKOpO CBU MCIMTaHW BUTAaMUHH MMajy BHCOK ITOTEHIIMjaJl BE3UBamba 3a MMPOTEHHE OBOT

CUTHAJIHOT I1yTa.

45.1 Baauaanuja npoToKoJia 3a MOJIEKYJICKH JOKUHT

Banunmanmja mporokosia 3a MOJEKYJICKH JOKMHT j€ W3BEIeHA AaHaJM30M KO-
KPUCTAJIM30BaHUX JINTaHAJa ca BUXOBUM MPHUPOIHUM peuentopuma u nopehemem RMSD
BpenHocTH u3Mely mnocrojehux kpucranorpadckux koHpopmanMja M OHHUX JTOOHjEHMX
FHXOBHM MTOHOBHUM JIOKHHTOM. YTBpheHo je ma cy RMSD Bpemroctu 1,56 A 3a LBP, 2,35 A
3a TLR4/MD2 u 1,26 A 3a iNOS, mrto ykasyje Ha BHCOKY e(pMKACHOCT KaO M BaIMIHOCT
IIPOTOKOJIA 32 MOJIEKYJICKH JJOKMHT KOjU C€ KOPHCTHO y aHanMu3M. Banuganuja nporokona 3a
CD14 npoteuH Huje MorIJa Jja ce U3BPLIM YCJIEJ] Hel0CTaTKa KPUCTalIHE CTPYKType ca KO-

KPUCTAJIM30BaHUM JINTAHOM 32 OBaj MPOTEHH.

45.2 MosekyJcKH JAOKMHI oxadpaHux BHTamMuHa be ca K/bYYHHMM nNpoTeMHHUMA
TLR4/MD2 curnajHor myra
4.5.2.1 Monexyncku ooxkune ooaopanux sumamuna be ca LBP npomeunom
AHanu3a MOJIEKYJICKOT JIOKHMHIa IMokasaja je na cy BuramuHu bel, be2 u be5
WCTIOJbUIIM HAJOOJBM TOTEHIHjan Be3uBama 3a N-repmubamuu pernon LBP mpotewna, y
nopehemy ca ocranuM BuUTaMHHUMa K3 Komiuiekca (tabena 9). Ilpomnemene crnoboane
eHepruje Be3uBama ButamuHa bel, be2 u be5 3a N-repMuHannu pervon cy 6uiie ciuyhe, ca

oarosapajyhum Bpemnoctuma (-5,11 kcal/mol, -5,17 kcal/mol, u -5,19 kcal/mol), kao u
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KoHcTaHTama uaxuounumje (178,23 uM, 162,31 uM u 157,93 uM). Butamunu bel, be2 u be5
Cy TIOKa3aJii MOT'YhHOCT HHTEpaKIyja ca aMHHOKUCEITMHCKUM OCTalluMa YKJbYUYEHHM Y MECTO
BesuBama JIIIC-a (Argll9, Lys120 u Lys124), ykmpydyjyhu u xuapodobHe nHTepakuuje u

BOJIOHMYHE BE3€ Ca aMUHOKHUCEITMHCKUM OCTalluMa U3BaH akTUBHOT Mecta LBP npoteunna.

Tabena 9. Bpennoctu enepruje BesuBama, KOHCTAaHTE MHXUOUIIMjE U HHTEpaKLje u3mely
aMHUHOKHCEIIMHCKUX ocTaTtaka N-repmuHamHor pernona LBP nporenna u nojequnagyamx

ButamuHa u3 komruiekca (bel, be2, be3, be5, be6 u bel2).

Bura AG Ki HNuTepakumje ca JIIIC HNnaTtepaknuje nzpan JIIC
AV (kcal/mol) (M) Besyjyhum mecrom™ Besyjyher mecra*
bel -511 178,23 Argl19, Lys124 Lys117, Ser63, Tyr76, Leul25
be2 -5,17 162,31 Argl19, Lys120 Asp65, Gly72, Arg73
be3 -3,94 1300,00 Argl19 Lys117, Leul25
be5S -5,19 157,93 Lys124 Lys115, His79, Trp116, Leul25
beb -3,74 1810,00 Argl119, Lys124 Lys117, Ser63, Tyr76, GIn75
Bel2 324 4250,00 / Lys117, Ser63, Gly64, Asp65,

Tyr76, Glu77, Val118, Leul25

*Ban-nep-BaicoBe nHTEpaKiyje HACY MPUKa3aHe Y OBOj TabOew.
Awmunokucenuucku ocraim Arg-119, Lys-120 u Lys-124 gune Be3yjyhe mecto LBP nmporeuna 3a

JIIIC.

Kao mro je mpukaszano (tabena 9), npensuljero je na ButamuH bel moxke ocTBapuTH
MHTEpakKIje ca aMUHOKHCEIMHCKUM ocTanmuma Ser63, Tyr76 m Leul25 (koHBeHIMOHaIIHE
BOJIOHMYHE BeE3€), Ca aMUHOKHUCENUMHCKUM octanuma Argl19 u Lysl24 (xumpodoOne
uHTepakiyje, ankwn u  Pi-ankma), u  Pi-katjoHcky wHTepaknujy ca  Lysl117
AMUHOKHCEJIMHCKUM OCTaTKOM. 3a BUTaMuH be2 je mpenBuleHO 1a MOTEHIMjaTHO MOXKE Ja
(dbopMupa KOHBEHIIMOHATHE BOJOHMYHE Be3e ca amuHokucenuHama Arg73, Argl/19 u Lys
120, yribeHukoBe BOAOHHUYHE Be3e ca ocrtatkoMm Gly72, Argl19 u Lys120, xunpodoOue
unTepaknuje (ankun u Pi-ankwmn) ca Arg73 u Pi-xatjoHcky u Pi-aHjoHCKY MHTepakiujy ca
Asp65 u Arg73. 3a BuramuH bebS npensuben je Hajehu apuHUTET Be3UBamba MPEKO
KOHBEHIIMOHAJHUX BOJOHMYHMX Be3a ca Trpl16, Lys124, Leul25 u Glyl27, xao u kpo3

xuapopoOHe nnTepakuyje (ankun u Pi -ankum) ca His79 u Lys115 (cnuka 34A).
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ITopen Tora, ypahena je u aHamm3a MOJIEKYJCKOT JOKMHTa Ha C-TepMHHAIHOM
nomeny BesuBama JII[IC-a 3a LBP mpoteuH, 3a koju ce Takohe mokaszano J1a je yKJbY4YeH y
npeHoc JIIIC-a [149]. Buramunau bel, be2 u be6 cy moka3anu HajOOJbM TMOTEHIHjaT
Be3uBama 3a C-TepMHHAIHM JIOMEH, ca BPEAHOCTHMa eHepruja BesuBama (-5,54 kcal/mol, -
4,78 kcal/mol u -4,65 kcal/mol) u koncrantama naxubumnuje (86,28 uM, 314,07 uM u 388,13
uM), cimunuM oHuMa youeHuM 3a N-tepmuHaniam nomeH. Buramuau bel u be2 cy Takohe

MOKa3aJIi MHTEPAKIMje ca KIbYYHUM aMHHOKHCETMHCKUM octanuma 3a npenoc JIIIC-a (Lys

319 u Arg322) (tabena 10).

Tabena 10. BpenHocTu eHepruje Be3nBama, KOHCTAHTE HHXUOUIMje U MHTEPAKIIHje n3Mely
aMHUHOKHCENMHCKHX ocTaTaka C-trepmuHanHor pernona LBP nporenna u Butammna us

komruiekca (bel, be2, be3, be5, be6 u bel2).

AG Ki HNuTepakumje ca JIIIC HNuTepaxnuje nzpan JIIIC Be3yjyher
Buramun X
(kcal/mol)  (uM) Be3yjyhum mectom* MecTra*
Pro323, Ala320, Phe324, l1le314,
bel 54 8628 Lys319, Arg322 Phe427, Phe321, Gly313, Arg315
Arg315, Ala320, Pro323, Leu423,
be2 -4,78 314,07 Lys319, Arg322 Phe324, Phed27
Be3 -4,20 839,70 / Phe424, Leu428, 1le314, Tyr431
bes -4,28 729,53 Lys319, Arg322 Ala320, Gly313, Arg315, Phe427
Phe321, Phe427, Phe324, lle314,
beb oo 38813 ! Ala320, Arg315, Gly313
Arg315, Ala320, Phe427, Gly313,
bel2 -5,12 175,54 Lys319, Arg322 Asn317, Pro323, His310, Ser312,

Asp311

*Ban-nep-BayicoBe mHTEpaKIfje HUCY MTPUKa3aHe Y OBOj TaOeIIu.
Awmunokucenuucku octamm Lys319 u Arg322 npencrapibajy Be3dyjyhe mecto LBP nporenna 3a
JITIC.

Buramun bel je mnpensuben HajBehu mnoTeHIMjan Be3uBama Kpo3 xXuapodoOHe
uHTepakiyje (ankun u Pi-anmkun) ca Pro323, Phe321, Phe324, Phe427 u lle314, kao u kpo3
Pi-Curma mHTepakuujy ca Ala320 u KOHBEHIIMOHATHUM BOJOHMYHHM Bezama ca Gly313 u
Arg315 (cmuka 34B). Takohe, kao mito je nmpukazano (tadena 10), mpeaBul)eHo je 1a BUTAMHH
be2 je octBapm ankwi, Pi-ankun m Pi-Curma wmaTepakumje ca Arg315, Ala320, Pro323,
Leu423, Phe324, Phe427 aMHHOKHUCEIMHCKUM OCTallMMa, Ka0 M KOHBEHIIMOHAIHE BOJOHUYHE
Beze ca Arg315 u Ala320 ocranmuma. 3a BuTamMuH be6 HuUje NeTeKTOBaH MOTEHIMjal 3a
dbopMupame HHTEpakiyja ca K/byYHUM aMHHOKHCETMHCKHM OCTaluMa KOjU YYECTBY]Y Y
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BesuBawy JII[IC-a, mehyrum Behm Opoj mHTepakumja (ankui, Pi-ankun u Pi-Curma) je

npuMeheH ca IpyruM aMHUHOKUCEITMHCKUM ocTanuMa, Ykbyayjyhu Phe321, Phe427, Phe324,

lle314, Ala320, Arg315 u Gly313.

) LBP @ nnc
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] - (EU LYS
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N g ¢ LYS
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Cauka 34. Hajoosbe no3numje 100MjeHe y aHAJIM3U MOJIEKYJICKOT IOKMHIa U OCTBapeHe
HHTepaKuMje/Be3e ca aMUHOKUCEJIMHCKMM OCTAllMMAa MecTa Be3uBamwa (A) BUTAMHMHA
beS ca N-trepmunajiom LBP nporeuna; (b) Buramuna bel ca C-trepmunajiom LBP

MpOTenHa.

4.5.2.2 Monexyacku ooxkunez ooaopanux sumamuna be ca CD14 npomeunom
Haj6ospu notenuujan Be3uBama 3a N-tepmunanau nomeH CD14 nporenHa mokasao je

ButamMuH bel2, ca oxarosapajyhom eneprujom BesuBama oj -9,55 kcal/mol. Ilpumaphue
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npeasuhere nHtepaknuje usmely Buramuna bel2 u mecra BesmBama CD14 mporenna (N-
TepMUHAIHU peruoH, octamu 20-171) yk/pyumBane Cy KOHBEHIIMOHAIHE U YIJbCHUKOBE
BoZloHWYHE Be3e ca octanmma Arg51, Thr54, Ala56 u lle84, kao u xunpodoOHe MHTEpaKIIHje
(amkwmn, Pi-ankun, Pi-curma) ca Phe28, Phe61, Ala27, Ala88, Leu58, Leud5, Leud8 u Trp24

AMHHOKHCEIMHCKUM ocTaruma (ciuka 35).

BUTaMuH Be12

——\Asp53 Ala56
A
N\ Ui

AG = - 9.55 kcal/mol

Cauka 35. Hajoo/be no3dnumje 1o0ujeHe y aHAJHU3U MOJIEKYJICKOT JOKHHIA
npeasBuljeHe nHTepakuuje/Be3e BUTaMMHA bel2 ca aMHHOKHCEJIMHCKHM OCTallMMAa

MecTa Be3uBama N-Ttepmunana CD14 nporeunna.

Taxohe, Butamun bel je moka3ao penaTuBHO BUCOK a)MHUTET BE3UBamba y OJHOCY Ha
Jpyre BUTaMUHE U3 KoMmIuiekca (Tabena 11), ca mpolemeHOM eHeprijoM Be3uBama o1 -5,88
kcal/mol. Kao mmro je mpencraBibeHo (Tabena 11), npenBuljeHe nHTepakiuje/Be3e uzMely
ButamuHa bel n mecra BesuBama CD14 ykipyunBanie cy BOIOHHYHE Be3e (KOHBEHIIMOHAITHE
U YIJb€HUK BOJIOHHMK) Ca aMHUHOKHCETWHCKHM octamuma Ser69, Leu70, Ala33, Ala27 u
Cys30, xao u xuapodobHe maTepakiuje (amkui, Pi-Pi T-o6nuka u Pi-ankum) ca Phe2S8,
Val36, Leu68, Ile64, Ile65 u Phe61 amunokucenuackum ocraruma. [lopen Hmke ciobonHe
eHepruje Be3uBama jgobujeHe 3a bel2, koncranta nuxubunuje, Ki (trabena 11), takohe je
owra 3nauajao Hmwka (0,01 uM) ox Ki mpouemene 3a bel Buramun (48,67 uM), mro ykasyje
Ha 3Ha4YajHO OOJbM TIOTEHIMjaJI Be3WBama BHTaMHHAa bel2 3a aktuBHO Mecto CD14
npotenHa. Ox ocranux BuTamMHHAa be U3 kommiekca, BuTamMuH be6 je Takohe moxazao
penatuBHO Jo00ap aduuHuTeT BesuBama (-4,49 kcal/mol), mako ca 3HayajHO BHIIOM

KoHcTaHTOM nHXHOHUIHje (507,83 uM) (tabena 11).
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Taodena 11. Bpegnoctu eHepruje Be3suBamba, KOHCTAHTE HHXUOUITU]E U MHTEPAKIIH]je u3Mel)y
AMHHOKHCEIIMHCKUX ocTaTaka N-TepMHHAIHOT peruoHa mecra Be3uBama CD14 nporenna u

BuTaMuHa u3 komiuiekca (bel, be2, be3, be5, be6 u bel2).

AG Ki Hurepakuuje ca JIIC Be3yjyhum mectom™ (N-Tepmunaann

Buramis o camol)  (um) pernom)*

Ser69, Leu70, Cys30, Ala33, Ala27, Phe28, Val36, Leu68, Ile64,

bel EE l1e65, Phe6l

be2 -3,98 1210,00 Ala27, Cys30, Phe28, 1le65, Phe61, Leu58, Val9l, Leu68
be3 -4,67 375,25 Gly32, Ser69, Ala33, Leu68, Val36, Leu70

be5 -3,59 2330,00 Tyrd7, Arg51,Trp24, Val52, Leu48

Bbeb -4,49 507,83 Leu70, Ala27, Cys30, Cys15, Val36, Leu38, Leu68

Eel? 9,55 0.01 Arg51, Thr54, Ala56, 11e84, Phe28, Phe61, Ala27, Ala88, Leu58,

Leud5, Leud8, Trp24

*Ban-nep-BancoBe nHTepakiyje HICY IpUKa3aHe y 0BOj TaOeIH.
N-TepMuHaIHU pernoH (aMuHoKucenuHcku ocrauu 20-171) yune Besyjyhe mecro 3a JITIC.

AHanuza MOJEKyJCKOr JOKMHra ypahena je u Ha C-tepmuHanHoM JgomenHy CD-14
nporenHa, koju je Takohe ommcan kao JII[IC Besyjyhe mecto [149]. Pesynratu Omnm cy
clUyHU oHMMa 3a N-TepMHHAIHU pernoH, ocuM 3a BUTaMuH bel2, koju je nmokasao HajHUKHU
apuauTeT Be3uBama 3a C-tepmuHamHu gomeHn CD-14 mporemna. HajOospm kamanmuter
Be3uBama 3a C-tepMUHAIHU JIoMeH je npumeheH 3a BuTamMuH be6, ca eHeprujoMm Be3MBama

on -6,52 kcal/mol (Tabena 12).
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Taodena 12. BpegHoctu eHepruje Be3uBama, KOHCTAHTE HHXUOUITN]E U MHTEpaKIH]je u3mehy
AMHHOKHCEIIMHCKUX ocTaTaka C-TepMUHAIHOT perrnoHa MecTa BesuBama CD14 nmporenna u

BuTaMuHa u3 komiuiekca (bel, be2, be3, be5, be6 u bel2).

Kibyunu ocranm 3a  MHTepakuuje ca Be3yjyhum mectom™

AG .
Buramun Ki (uM) JITIC Tpancdep™ (C-TepMHHAIHM PErHOH)™

(kcal/mol)

Phe262, Ser239, Asn238, Arg285,

Bel 500 21574 / e e
Be2 449 511,14 Asp280 His237, PTr;,eéGgé ﬁi’;ggi Ser261,
Be3 518 15850 / Pro296, Aplrizzg 'g‘fzgi Gly271,
BeS 362 2,23x10° Asp280 Lys304, Ser261, Asn259, Phe262
. 6E e / Ala243, Lys270, Pro269, Ala244,

Arg241, Ser217
Asn300, Leu301, Ser302, Ser282,
bel2 -1,85 44 3x10° Asp280, Asp234 Leu279, Val278, Ser261, Asn259,
Ser236, His237, Val205

*Ban-nep-BancoBe nHTepakiyje HICY IpUKa3aHe y 0BOj TaOeIH.
AwmuHokucenuHCKH octarm Asp234 u Asp280 npezncraibajy Be3yjyhe mecto CD14 npoTenna 3a

JIIIC.

I'maBue npensuhene mHTepakiuje n3melhy Buramuna be6 m CD14 ykipyuuBane cy
amuHOKHcenuHcke ocrtatke Ala243, Lys270, Pro269, Ala 244, Arg241 u Ser217, mehytum
HUCY TOKa3aHe MHTEpaKlije ca KJbYYHHM OCTallMMa KOju y4yecTBYjy y BesuBamy JIIIC-a
(Asp 234 u Asp280) [149]. TTopen Tora, Butamunu bel, be2 u be3 cy mokasanu peaaTHBHO
ciuyaH apUHUTET Be3WBama ca eHeprujoM BesuBama o -5,00 kcal/mol, -4,49 kcal/mol u -
5,18 kcal/mol (tabemna 12). Kao mTo je mpencraBibeHo y Tabenu 12, camo Butamuau be2 u
be5 cy nokaszanu uHTEpakuyje ca jeqHUM o KibydHuX ocTataka (Asp280) 3a npenoc JIIIC-a,
MehyTuM youeHu apuHUTET Be3uBama 0o je Behu 3a Buramun be2. Mako BUTaMUHHM HUCY
MOoKa3aiyu oJrosapajyhu Opoj HHTEpaKIHja ca KIby4YHHM OCTallMa, BEJIUKU Opoj HHTEepaKirja
(KOHBEHIIMOHATTHE BOJOHUYHE Be3€, YIJbEHUK BOJIOHWYHE Be3e M Pi-ankui WHTEpakiuje)
MOKa3aH je ca OCTAJIMM aMHHOKHCETMHCKUM OCTallMMa Ha MECTy Be3uBama (Tadena 12), mro

yKa3yje Ha MOTEeHLMjaIHy yjaory ButamuHa be y naxubunuju npenoca JIIIC-a.

4.5.2.3 Monekyncku dokunz ooaopanux eumamuna be ca TLR4/MD2 komnnexcom
Pesynaratun monexynckor mokunra miMel)y pazmmumtux be Burammua m TLR4/MD2

KOMIUIeKca cy Tokasanu na ButamuHu bel, be2 m ble2 wumajy HajO0o/pM MOTEHIIH]jal
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BE3MBamka KpO3 BOJOHWYHE (KOHBEHIIMOHAIHE BOJOHHK W YIJbEHUK-BOJIOHHK) Be3e,
xuapopobue (amkmi, Pi-ankwmn, Pi-curma u Pi-Pi), Pi-cymmop, xao um Ban-aep-Bancose
uHTepaknuje. Hajamka cinoboqHa eHepruja Be3uBama MoKa3aHa je 3a puramuH bel2 (-7,84
kcal/mol), 3atum -6,19 kcal/mol 3a bel, u -5,91 kcal/mol 3a Buramun be2 (tabena 13). ¥
oBoj in silico ananmusu npensulena je moryhuoct na Buramud bel2 dopmupa najsehu 6poj
KOHBCHIIMOHATHUX BOJOHHYHHX Be3a ca KJbYUYHHM OCTalMMa akTHBHOr Mecta TLR4/MD2
komruiekca (A: Lys263, C:Glul22, B:Arg434 u C:lle124), kao u ca ocranuma U3BaH MECTa
Be3uBama, ykbyuyjyhu Glyl123, Prol18, Leu94 u Met358 (cnuka 36).

ButamuH be12

TLR4/MD2 .

AG = - 7.84 kcal/mol

Cauka 36. Hajoosbe no3numje 1o00ujeHe y aHAJU3U MOJIEKYJICKOT JOKHHIA
npeasBuljeHe nHTepakuuje/Be3e BUTaMuHA bel2 ca aMHHOKHCEJIMHCKHM OCTAallMMA

MecTa BesuBama 1 LR4/MD2 kommiekca.

3a ButamuH bel je Takohe npeasuleHo ycncTaBibamke HHTEPAKIU]E YHYTap aKTUBHOT
Mmecta (C:Tyr131, B:Phe438, B:Arg434 u C:llel124), anu u u3BaH mecta BesuBama (Arg90,
Glu437 n Leu87). Buramun be2 je Takohe Ou Morao na Oyae ykJbydeH y MHTEpakifje ca
ocraiuMa Mmecta BesuBama (A:Lys263, C:Serl120, C:Phel19, C:Val61, C:Leu94 u C:lle117),
Kao W ca ocranuma u3BaH Besyjyher mecra (Tyrl02, Proll8 u Phel04) (tabema 13).
JloOujeHn pe3ynTatu moka3aim ¢y ja BuTamMuH bel2 mma Haj00JpHM MOTEHIIM]all BE3UBakba 3a
TLR4/MD2 xomrutekc, ca 3Ha4ajHO HWKOM KOHCcTaHTOM nHxubummje (1,79 uM), y ognocy Ha

ocrayie BuTamuHe bel u be2 (28,78 uM u 46,24 uM) (tabena 13).
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Taodena 13. BpegHoctu eHepruje Be3uBama, KOHCTAHTE HHXUOUITH]E U MHTEpaKIH]je u3mehy
aMUHOKHCEIIMHCKUX OCTaTaka MecTa Be3uBama TLR4/MD2 xomriekca u BuramuHa (bel, be2,

be3, be5, be6 u bel2).

AG Ki HNuaTepakumje ca JIIIC HNuaTepakumje nzpan JIIIC
Buramun X .
(kcal/mol)  (uM) Be3yjyhum mectom* Be3yjyher mecra*
Bel 619 2878 Y131 Phedss, Argass, Arg90, Glu437, Leus7
lle124
Lys263, Ser120, Phell9,

Be2 -5,91 46,24 Valbl, Leudd, lle117 Tyr102, Pro118, Phe104
be3 -4,37 628,92 Ser413, Arg434, Phe438 Arg90

Arg337, Aspl01, Leu94,
be5 -4,43 562,63 Lys360 His96, Tyr102
beb6 -4,52 482,28 Lys263 Aspl01, Met358, Arg337
Eel? 784 179 Lys263, Glul22, Arg434, Gly123, Prol118, Leu94, ,

lle124

Met358

*Ban-nep-BancoBe nHTepakiyje HUCY IpUKa3aHe y OBOj TaOesu.

Amunokucenuackn ocramm Lys263, Lys360 (A maman), Serdl3, Arg434, Phe438 (B manam) u
lled6, 1le52, Leu54, Val61l, Val63, Phe65, Leu74, Phe76, Leu78, Leu94, 1le117, Phell9, Serl120,
Phel21, Glul22, lle124, Phel26, Tyrl131, Alal35, Phel47, Leul49, Phel51, 1le153 (C nanam)
TLR4/MD2 npoteunna npencraBbajy Besyjyhe mecro 3a JITIC.

4.5.2.4 Monexyacku ooxkunz ooaopanux eumamuna be ca INOS npomeunom
Ananusa monekyickor nokuara 3a INOS mpoTenH mokaszana je na Butamuau bel u
be? wucnospaBajy HajBehM KamamuTeT Be3uWBama 3a AaKTUBHO MECTO OBOI €H3UMa, ca

oarosapajyhum eHeprujama BesuBama o -7,06 kcal/mol u -8,47 kcal/mol (rabena 14).
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Taodena 14. BpegHoctu eHepruje Be3uBamba, KOHCTAHTE HHXUOUITN]E U MHTEpaKIHje u3mehy
AMHHOKHCEIMHCKUX ocTaTaka Mecta BesuBama INOS mporenna u puramuna (bel, be2, be3,

Be5, Be6 1 Bel2).

HNnaTepaknuje ca

AG Ki Hurepakuuje uzpan JIIIC Besyjyher

Butamun (kealimol)  (uM) JHIC Be3yj);hﬂM vecta
MECTOM

Bel 7,06 6.68 GIu371, Tyr367 Asn364, Phe363, Trpl188, Cys194, Leu203,

11e238
Cys194, Trpl188, Phe363, , Leu203,
Be2 -8,47 0,61 Trp366 Tyr483, Ala191

Be3 491 25129 / Tyr483, Ala237, Asn364,Ser236, Trpl88,
Phe363

Ees 4,49 51138 GIu371, Trp366 11e195, Gly196, Argl93, Ala433, Met368,
Met428

Beb -5,21 150,59 / Asn364, Trpl188, Phe363, Alal91, Tyr483

Serl12, lle113, Met114, Asn115, Arg260,

Eel? 5,78 57,70 GInos7 Ala275, Ala276, Thr277, Leu278, Ser250,

Glu279, Phe280, Asn348, Glu488, Trp490,
Asp379, Arg375, Arg382, GIn381, Trp457

*Ban-nep-BayicoBe MHTEpaKIje HUCY YKJbYUEHE Y OBOj TaOCIH.
Amunokucenuncku octanu GIn257, Tyr341, Trp366, Tyr367 u Glu371 npencrasbajy akTHBHO
mecto INOS nmporeunna.

VY in silico anamu3u cy 3a oba BUTamMHHa IpeABUl)CHE CIMYHE BPEIHOCTH 32
cro0oIHy eHeprujy BesuBama, mehyrum Ki 3a Butamun be2 je Ouna 3nauajuo Hioka (0,61
uM) y nopehemwy ca Ki Buramuna bel (6,68 M), mro ykasyje Ha 3HauajHO Behu aduHUTET
Be3uBama ButamuHa be2 3a INOS mporemn. Kao mro je mpukasano (tabema 14), oba
BUTAMMHAa Cy IIOKa3aja TOTeHHMjal 3a QopMHpame HHTEpakiHja ca KJbYYHUM
aMMHOKHMCEJIMHCKUM OCTalliMa KOju ydecTByjy y BesuBamy JIIIC-a, ykibyuyjyhu GIn257,
Tyr341, Trp366, Tyr367 u Glu371, kao u ca Behum OpojeM aMHUHOKHCEIMHCKUX OCTaTaka
M3BaH MecTa Be3uBama. Hamme, Butamun bel mma moteHmmja na dbopmupa WHTEPAKIH]E
MyTeM KOHBEHIIMOHATHUX BOJOHMYHUX Be3a (Glu371 u Asn364), yribeHUK-BOJIOHHYHUX BE3a
(Tyr367), Pi-cymmopa (Phe363), xunpopoonux Pi-Pi (Trpl88 u Phe363), ankun (Cys194,
1238 u Leu203) u Pi-anxun unrepakimja (Phe363, Tyr483, u Leu203) (cnmka 40). 3a
ButaMuH be2 je mpensuleHo ycrocraBbambe HHTEpAKIIMja KPO3 KOHBEHIIMOHAIHE BOJIOHUYHE
Bese U ernekTpocratnuke Pi-katjoHcke wunTepakuuje (Trp366), xumpodpobue Pi-curma

(Cys194 wu Trpl88), Pi-Pi (Trpl88 u Phe363), anxwmn (11e238 u Leu203) u Pi-ankwun
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untepakimje (Trpl88, Phe363, Tyr483, Alal9l u Cys194) (ciuka 37). Ocum TOra, BUTAMHH
be6 u Bel2 cy Takohe nmokaszanu penatuBHO g00pe adpuHuTeTe BesuBama (-5,21 kcal/mol u -

5,78 kcal/mol) (Tabena 14).
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Cauka 37. Hajoosbe no3uumje 1o0ujeHe y aHAJU3U MOJIEKYJICKOT JOKHHIA U
npeasuljeHe nHTepakuuje/Be3e ca AMUHOKHCETHHCKHM OCTAllMIMa MeCTa Be3MBambha
putamuHa bel u Buramuna Be2 3a iNOS nporeun.
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5 TUCKYCHJA
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MC je xponmuyna ayrommyHcka Oosiect [[HC-a uymje rmaBHE KapaKTEpUCTHUKE
YKJbYUyjy uH(pIaManujy, AeMHjeIHHU3aIN]y, U omTeheme akcoHa. [locmenmux neneHuja
IMpOM cBeTa mpumeheH je mopacTt Opoja Jeyaw koju oboJbeBajy on MC-a. IlporpecuBHU
ryourtak (pyHKIMje HepaBa U MHUjeIMHCKOT OMOTa4ya MOXE JJOBECTH JI0 pa3B0ja MHBATUAUTETA
U CTOra IpeJCTaB/baTH 030MJbaH M3a30B Y 00aBJbamby CBAKOAHEBHUX aKTHBHOCTH. Y CIEN
KOMITJIEKCHOT TOKa 0OJIeCTH M BapHpama KIMHUYKUX MaHu(ecTanuja n3mel)y nanujenara, ne
nocroju jenuHcTBeHa Tepanuja 3a MC-y. JlocTynmHu TpeTMaHu e(pUKacHO KOHTPOJHILY
nporpecujy Oonectu, Me)yTuM oBakBa MMYHOCYIIPECHBHA TepaInuja MmoIpasyMeBa JyropouHy
IPUMEHY IITO MOXE JOBECTH J0 CyNpHUMHpama (QyHKIHMja UMYHCKOT cucTemMa u mosehatn
MOJJTOYKHOCT MH(pEKIMjama U ApYruM obosbemuMa [72, 74]. YrpaBo 300r Tora, pa3Bujajy ce
HOBU TpUCTymH y Jiedery MC-e koju he 006e30e1uTi 1yropovyHy HEypOIPOTEKTHBHY KOPHCT,
0e3 HeraTMBHHUX IIOCIeAWIa Ha (QYHKIU]y HMYHCKOT CHCTeMma. JemaH oa mpucrtymna
nojpazymMeBa MpUMEHY MMYHOMOAYJIATopa KOju ce OOMYHO MPUMEHY]Y Y KOMOWHAIUjU ca
APYrHUM CTaHIApAHUM HMMYHOCYIIPECUBHHM JICKOBUMAa M TakKO JONPHHOCE E(PHUKACHU]O]
KOHTPOJIM (PYHKIHj€ MIMYHCKOT OAATOBOPA, JTOBOJIE 10 TIOHOBHOT YCIIOCTABIJbaha MMYHOJIOIIKE
XOMEOCTa3e M Ha Taj HAYWH CIpedaBajy mnporpecujy oosectu [75]. JlutepaTypHu momamu
ucTudyy BuUTaMuH Jle Kao jeaH O HajBUIIE HMCTPAXEHHX BHTaMuHa 3a Tepanujy MC-e.
Xunores3a J1a aJjleKkBaTHA UCXpaHa BUTaMUHOM Jle Moxke nonpuHeTy npeseHuuju MC-e 6una
j€ PBOOMTHO TpeIokKeHa Aa 00jacHU Teorpadcky AUCTpUOYIHjy oBe OoJiecTd (C 003upoM
Ha HajBehy ydecramoct y ceBepHOM jeny xemuchepe), aau TeK HEIAaBHO je JaT/bHHjC
ucTpaxkeHa Be3a u3Mmely ButamuHa Jle u pusmka oz passoja MC-e. bpojHe ctynuje noTphyjy
3Ha4ajHy YJIOT'y akTUBHOT 00JIMKa BUTaMUHa Jle y IMyHCKOM CHCTEMY, IITO r'a YUHU MONHUM
MMYHOMOJIYJIaTOPOM KOjU perynuiie (QyHKUH]y MNpouH(IaMaTOpHUX W peryiaaTtopHux T-
henuja [150-152]. Hekonuko ucTpakuBama je MOKa3aio Ja ¢y Koj manujeHata ca MC-om
HUBOU cepyMcKor 1,25-muxuapokcu u 25-Xuapokcu BUTaMuHa Jle OuiM 3HauajHO HUXKHU Y
nopehewmy ¢ KOHTpOJTHMM ocobama, IITO JOATHO MCTHYE 3Hayaj BUTaMuHa Jle y
naToQU3MOJIOTHjH ayTOMMYHCKUX Oojiectu kao mro je MC [150, 153]. Takohe, BuTamMuuu
rpyne be nmMajy MHOroopojHe MMyHOMOJYyJaTOpHE (YHKIHUjE€ W WIPajy BaXHy YIOTY Yy
perynamuju uMyHCKor oaroopa [76]. Butamuuu rpyne be cy KjbydHH KOCH3UMH KOjH
YUYECTBY]y y peryilaniju MHOTUX MeTabONMYKHX TyTeBa, YyKJbydyjyhu wmerabonuszam
VIIbEHUX XUApaTa, MpoTenHa W Jmnuna. Buramunu rpyne be cy Beoma BakHHU 3a TpaBWIIaH
pa3Boj] W (YHKIMOHHUCAKE HEPBHOT CHCTeMa, uHWja neduIujeHIrja je IoBe3aHa ca

pa3IMUUTHM HEYypOJOImKKM obOosbemrMa, mehy kojuma je m MC [154]. Tlopen Tora,
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nopemehaju MerabonM3mMa BUTaMUHA Tpyne be cy moBe3anu m ca Au30M030M MHUKpPOOHOTE
IIpeBa Koja je MPUCyTHA KOJ MalldjeHaTta 000JeINX O]l Pa3IMYUTHX HEypOouH(pIaMaTOPHHUX
oonectH, ykibyayjyhu u MC-y [155]. Jenan on HajaerasbHHje UCTPAKEHUX BUTAMUHA IPYIIe
be y xontekcty natorenese MC-e je Butamun bel2. Huzak nuBo Butamuna bel2 notphen
je y cepymy koa namujenara ca MC-om, kao u KoJ nanujeHara ca [lapkuaconoBom Oosenthy
[156-158]. U3smehy ocrasor, mokasaHo je aa AeduuujeHimja Butamuaa bel2 yrtude u Ha
¢byukuujy rujaaaux henuja, kao U Ha popmupamwe mujenuna y [[HC-y [159]. Honatho,
yTBpheHo je na aedurnujennuja ButamuHa bel2 Moske AOBeCTH 110 IojauyaHe HPOAYKIIHje
uTokrHa |FN-y, ro Moxke TOoNMpHHETH HOropiIamy CTama Ko maiujeHara ca MC-om [160,
161]. IMo3naro je na Heku narujeHTd ca MC-oM mare o MerajaoOJacTUYHE aHeMHje HIIU
MaKpOIIMTO3€e, CTama Koja MOTy OWTH y3pOKOBaHa aedunujeHnujoM ButamuHa bel2 [158,
162, 163]. Takohe, Ha xuBoTHIBCKOM Mojaeiny MC-e, EAE-y, moka3aHo je aa je KoMOnHOBaHa
npumeHna ButamuHa bel2 m IFN-£ noBenma 1o moGoJbliamkba KIMHUYKE CIMKE W CMambCHa
npotieca aemujenunusanuje [164]. Mako y mamwem Opojy, MOCTOje CTyaUje Koje yKa3yjy U Ha
3Ha4ajHy yJIOTY Y HEpBHOM CHUCTEMY M JAPYrux BuTamuHa rpyne be. Ha npumep, mokasano je
na cy henmje rimuje rmaBau n3Bop NAD xoeH3nMa 3a HEypOHE TOKOM cTpeca, a BuTamMuH be3
je jemaH oj MmpeKypcopa 3a CHUHTE3y OBOr koeH3uma. Y ycnouma aeduimjernuje NAD,
HEYpPOHU MOTY IOCTAaTH M3Y3€THO OCET/bMBH Ha JIETEHEpAallUjy KOja je KapaKTepUCTHUYHA 3a
MC-y [165]. OBaj tperman y EAE-y nmoBeo je mo mosehanor muBoa NAD momnekyrna u
3HaYajHo je yonmaxkuo mporpecujy 6osaectu [101]. Takohe, HeKoIHMKO CTyAMja yKa3aio je U Ha
BaXHY YOIy THAaMHHa y HEpBHOM cucremy [166, 167]. Haumme, ycraHOB/bEeHO je na
neuuujeHnuja tTuamuHa kox mumena ca EAE-om y3pokyje mosehany excmpecujy CCL2
XEMOKHHA Y KHUYMEHO] MOXKJIMHHU, Kao U npoaudepaunjy T-henuwja y aumMpHUM 4BOpOBUMA,
IITO je JOBEJIO JI0 moropiiama cumnroma oosnectu [85]. Tlopen Tora, KIMHUYKE CTyAHjE CY
nokasajie ja cy nanujentu ca MC-oM Koju cy mpuMalii Tepanujy THaMHHOM UMaJii 3HauajHo
cmameH ocehaj ymopa [168-170]. Bincka Be3za m3mel)y Butamuna rpyne be m perynammje
[IUTOKMHA OINKCaHa je y CcTamhMa Kao INTO je JempecHja, riae je npumeheHo ma
CyIUIEMEHTallija BUTaMMHUMMa be HMa MNoTeHuMjal Aa MOAYNIHUIIE NpPOo-UHGIAMAaTOPHU
oaroBop u yomaxu cumnrome aenpecuje [171]. Takobhe, ucTrakHyTM Cy H aHTH-
MH(IaMaTOPHU M aHTU-HOIMLENTHBHU edekTH BuTamuHa be. Hamme, ycraHoBibeHO je na
cam BuUTaMuH be2, kao u komOuHanuja ButamuHa bel, be6 u bel2, ucnospaBajy aHTu-
HOIIMIENITUBHE U aHTU-UH(IaMaTOpHE ePEeKTe Y Pa3TUINTHM €KCIIEPIMEHTATHUM MOJIeliMa

[172, 173]. Uaxko je 3Hauaj BuTamMuHa be 3a ajgekBaTHO (QyHKIMOHHCAHE HEPBHOT CHCTEMa
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n00po TO3HAT, MOCTOjU OrpaHWyYeH Opoj MmojaTaka O TPETMaHHWMa KOjU YKJbYUy]y BHUIIE OF
Tpu BUTamMuHa rpyne be y komOunHamuju. 360or Tora, oCHOBHU (DOKyC OBe nucepTaiije Ouo je
UCTpaXHBame epeKTa HCTOBpPEMEHEe NpUMEHEe HEKOoNMKo be Burammua. CXOmHO TOME,
IpeaMeT OBE JOKTOPCKE AMcepTanuje OMo je Ja ce MCIHTA YTHULAj TPeTMaHa KOMIUIEKCOM
putamuHa be (bel, be2, be3, be5, be6 u bel2) na nporpecujy EAE-a u mpormece

HeypouHdIIaMalyje mpuMeHoM iN Vivo, in vitro u in silico ucrpaxusama.

JlobujeHn pe3yaTatu Mokaszaiu Cy Jla TpeTMaH BUTaMHMHMMa be kommiiekca yruue Ha
TOK Oosectn u knuHUYke MaHugecranuje EAE-a xon mamosa. Tperman BuramumHuma be
JIOBEO je JI0 CMamemha KIMHWMYKHX 3HAKoBa TOKOM muka Oonectd, a EAE kuBoTHRC
TpeTupaHe BUTaMMHHMMa be KomIulekca pasBuiie cy Onaxku o6auk Oonectu U Opxke ce
onopasuie, y nopehewy ca HerperupanuMm EAE >xuBoTumama. MakpOCKOICKM BHIJbHBA
pas3nuKa y BeIWYHMHHA u3Mel)y JIEeBOT U JIECHOT MOIUIMTEATHOT JIUM(HOT YBOpA j€ IETEeKTOBaHa
HakoH uHAykuje EAE-a, y cBuM ucnuTHBaHUM Tpymama. Y3umajyhu y o03up aa je neBu
3aJb1 ekcTpeMuTeT 0uo Mecto uHaykuuje EAE-a, ysehanu nonnureanHu 1uMQHU YBOPOBH,
peruoHanHu ApeHupajyhu TuMQGHU YBOPOBU TOI €KCTPEMMTETa, Cy BEPOBATHO IOCIEAMLA
WHTEH3UBHOT Tmporeca akTuBamnuje T-hemmja crnenuduyHUX 3a aHTHTEHE TPUCYTHE Y
eMyJI3Uju NpuMemeHor xomoreHata. Tpetman EAE xuBotuma ButamuunMa be komriekca
je ZIoBeo 110 cMamema Opoja TuMGOUTHUX (POIMKYNIAa y PErMOHY KOpTEKCa MOIIMTEATHUX
napeHupajyhux nauMMQHUX YBOpOBa, a y BHBUMa cy HpuMeheHM M MambU ENUTeTUOUIHU
rpanynomu. OBH HaJla3u yKa3yjy Ha NOTEHLH]JaJHy aHTU-UH(IAMATOPHY YJOTY MPUMEHEHOT
KOMIUIEKCa BUTaMUHA be, 0JIHOCHO HEroB 3Hauaj y CIpedaBamy/KOHTPOIH MPEKOMEPHOT
nH(IaMaTOPHOT OJArOBOpa, UMajyhu y BUy YOUEH HUXKM CTENEH akTHBaluje JUM(pOLUTa y
UCIHUTHBAaHUM JUM(GHUM YBOpPOBUMA KOJU MpPEJCTAaBJbajy IMOYETHO MECTO Ipe3eHTaluje

aHTUT'eHa U UHIYKLMje HH(IaMaTOpHOT OJroBopa.

OnpehuBame TycTHHE jeapa MOXKE MPYXKHUTH YBUA Yy CTEHNeH HWHQHUITpaiyje
uMyHCckux henuja, ogHOCHO MH(GIAMATOPHU CTAaTyC MCIUTHBAHOI TKUBA. Y paHOj (a3u
OoJiecTH, TpeTMaH KOMILJIEKCOM BUTamMuHa be je cMammo ryctuHy jemapa y (heMoparHoM
HEpBY M MHIIKNY KBaapHUIleIca, HAaKo je Ha Kpajy OosnecTu npuMeheHo 3HauajHO noBehame y
TYCTMHU jefapa y o0a ucnuTuBaHa TkuBa. Moryhe oOjammeme 3a 3HayajHO mHoBehame
T'YCTHHE jefapa y GeMOopaaTHOM HepBY, MOKe OUTH HapyIIeHa MPOIMYCTJHHBOCT KPBHO-HEPBHE
Oapujepe Koja je KapaKTepUCTHYHA Y TIPOIlECHMa MTPOTPECUBHUX MH(IIaMAaTOPHUX CTamkba, Kao

mro je EAE. OnpxaBame afekBaTHe MPONYCT/BUBOCTH/MHTEIPUTETAa KPBHO-HEPBHE Oapujepe
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peryjucaHo je MpoTeMHUMa YBPCTUX Be3a, YKJbY4dyjyhu daMuiujy KiayauHa, OKIyIuHA U
tpunenyiuna [174]. Tlpouec uHAyKIHje OOJIECTH MOKE M3a3BaTH MPOMEHE Y apXUTCKTYPH
OBHX IMPOTEHHA M CAMHUM THM YTHIIATH Ha MPOIYCT/BHMBOCT KpBHO-HEpBHE Oapujepe [175].
Haume, nokaszano je ma je kox maioBa ca EAE-oM cmameHa excrpecuja OBHX MpPOTEHHA
(ykpydyjyhu knaynuH-3 M KJIayauH-5) WHAYKOBaHa MPO-WUH(IAMATOPHUM IIMTOKHMHUMA
TNF-a u IL-17. V panoj ¢a3u Ttpermana, mpomeHe y (yHKIuju ¢deMopaaHOT HEpBa
(kMHUYKE MaHH(ECTOBaHE Kao Tape3a/mapanus3a 3aJmbHX eKCTpeMHuTeTa) mpaheHe cy
CMamkeHEeM TyCTHHE jelapa HepBa, Koja je Ouia y Kopenalnuju ca CMamemheM MUInhHe
rycTHHE jenapa. Hacympor Tome, Mmoka3aHO je Ja je TpeTMaH KOMIUIEKCOM BuUTamuHa be
3HA4YajHO YTHUIA0 Ha MoBehame rycTuHe jegapa y hemMopaaHoM HEpBY Ha Kpajy Oonectu. OBa
3armakara MOTy OWTH IMOBE3aHa ca HEJaBHO 00jaBJbEHUM pe3yJiTaTHMa KOjU TIOKa3yjy Ja je y
MOJIeNTy TIOBpele mepudepHOr HepBa, TPETMaH BHTaMHUHMMa be KOMIUIeKca Y3pOKOBAO
nopact y 6pojy makpodara/llIBanoBux henuja, koje cy KJbyuHe y IpolecuMa pereneparyje
HepBa [126, 127]. Tlopen IlIBanoBux henuja, jeaHa cTyauja je MCTaKiIa W 3HAYaj TIIHjATTHUX
henmuja ondakropHOT HEpBa, 3a KOje je moka3aHo aa cy eduxacuuje ox llIBanoBux hemmja y
YKJIamkamky MUjEIIMHCKOT 1e0puca, Kao U OJCTHLIAky pereHepanyje HepaBa. Ha ocHOBy oBHX
Haaza, Ko-TpaHCIUIaHTaluja o0a Tuna henuja je npeanokeHa Kao MOTEHIIMjajlHa Tepanyja 3a
perenepanjy akcona, yuyrap I[HC-a u mnepudepror uepsHor cucrema (ITHC) [176].
JluteparypHu mojany mokazanu cy na cy BuramuHu be, bel, be6 u bel2, yrumanu Ha
moOoJbIlIake TMpoIleca pereHepaije Hepara, npomoBuinyhu mosehame Opoja IlIBanoBHX
henuja, Koje MpeCcTaBibajy jeAHY O HajBaXHUjuX riaujanHux hemuja ITHC-a HeonxonHux 3a
bopmupame MHjeIrHa U omopaBak akcoHa [177]. Moryhe o6jaimmerme 3a mopacT rycTHHE
jenapa y 3axpahenom (hemopaaHom HepBy HakoH uHaykuuje EAE-a, Mmorno 6u Outu y cknany
ca mpoiiecoM HHPUITpanuje Makpodara pa3IHuUTe TMOoJapu3alrje KOjU OJIaKIIaBajy
pereHepalyjy HepaBa, yKJIamameM ocTaTaka MHjelIdHAa U MPOMOLMjOM MNpoiudepanuje u
murpanuje henuja [178]. JlurepatypHu noganu ykasyjy aa ButamuH bel2 jenan ydectByje y
nporecuma dopmupama mujennHa. [lopex Tora, y jeaHO] MUIOT CTYAHjH, TIOKA3aHO je Ja
BHUCOKe J103¢ koMIiekca ButamuHa be (bel, be6 u bel2) nobosbmiaBajy GyHKIMjEe ONTHYKOT
HepBa ko narujenara ca MC-om [179]. Kox manujenara ca MC-oM Moske johu u 10 pa3Boja
nepudepHe Heypomaruje, a HeAocTaTak oJpeheHHX XpaHJbUBUX CYICTAHILM, Kao IITO je
ButamuH bel2, Moke OutH jeman ox ¢akropa Koju gomnpuHoce oBoM ctamy [180]. Mako ce
Heypomatcku 6o yecto npunucyje abnopmannoctuma y [{HC-y kon manujenata ca MC-om,

3a0eNeKeHU cy CJ'Iy‘-IajCBI/I KO KOjI/IX je YOUCHa HOBHIICHA OCCTJbUBOCT HA TOIUIOTHU
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CTUMYJIYC, IITO YKa3yje Ha MpoMeHe y (YHKIMjU CEH30PHHX HepaBa Kojeé MOry OuTH
nmoBe3aHe ca Oojmom u ApyruMm cumntomuma MC-e. Oo mokaszyje aa je ITHC rtakohe
YKJbYYEH y Tporpecujy OojecTd, U MCTOBPEMEHO yKa3yje Ha TO Ja (HU3UOJIOIIKAa OCHOBA
OCeTJbMBOCTH Ha 0oy kox mamujenara ca MC-om mpencraBiba cliokeH mporec. OBa
KOMILIEKCHOCT je pe3ynrtar mpomeHa kako y ITHC-y, tako u y ITHC-y [181]. V3umajyhu y
o03up nma je MC Oomect koja 3axBara ob6a cucrema, u I[THC u IIHC, neomxomHo je
pa3marpatu 00a acrekTa y IHJby pa3yMeBama IMporpecuje 0OJeCTH W MPUCTYNA Yy JCUeHY
nanujeHata ca MC-om. 300r CBOI' HEYPOIPOTEKTUBHOT JI€jCTBA, BUTAMHHH be KoMIuiekca
Mpe/ICTaB/bajy MOTEHLHUjaJHy CYIUIEMEHTapHy Tepamnujy 3a Mo0oJblllake Ipolieca
peMujenuHu3aije 3axBaheHnx nepudepHUx HepaBa M wUXoBe pereHepanuje [182]. Tlopen
CMamema T'YCTHHE jefapa y (heMopaHOM HEepBY Ha IMOYETKY OOJIECTH, YCTAaHOBJBEHO j€ 1A je
TpeTMaH BHUTaMHUHHMa be KOMIUIEKca AONPHUHEO W 3HAYajHOM CMambemhy T'YCTHHE jenapa y
mumnhy kBagpuiernica, y nopehemy ca HeTperupanuMm EAE xuBotumama. Kao mro je
OIMMCAaHO, JIEHEpPBUCAHE MHUIIUNE KapaKTepHUIlle KOMIIEH3aTOPHH MHOTE€HU OJATOBOp KOjU
nonpasymeBa (hopMUpame HOBUX MHUINMNHUX BJIaKaHa TOCPEICTBOM CaTENMTCKUX henmja
[183]. I1ojaBa mame ryctuHe jemapa y mMumuhy KBajpuiierica HAaKOH TpeTMaHa KOMILJICKCOM
BUTaMuHa be Moke yka3uBaTu Ha MamH Opoj NEHEPBUCAHUX MULIMNHUX BIaKaHa, U CXOIHO
TOME MambeM KOMIIEH3aTOpPHOM OAroBopy. OBU pe3yiTaTH Cy Y KOpeJaluju ca CTyJHjoM I7ie
j€ WCIHTaH yTHIla) Tepalrje BUTAMUHUMa be komIuiekca Ha Mojeny noBpene nepudepHor
HepBa KoJI maioBa. HauMe, y 0BOM HCTpaXuBamy IMOKa3aHO j€ /1a j€ Teparrja KOMIUIEKCOM
BUTaMMHa be yTumana Ha moboJspliame Ipoleca pereHepanuje nospeheHor gemopanHor
HEepBa, Ka0 U Ha CMameie TyCTHHE jemapa y mummhy kBagpuuency [125]. Tlopen tora,
CMameHkhe TYCTUHE jelapa y MUIIMNy KBaJpHUIENICa HAa TOYETKY OOJIECTH HAKOH NPHUMEHE
KOMIUIeKca BUTaMuHa be, a koje je mponpaheHo 1 MambOM T'YCTHHOM henuja y caMoM HEpBY,
MOJKE€ yKa3aTH Ha Mamwu creneH nHduamanuje. Ilo3utuBan edexaT Ha Mpolec pereHeparuje
HepaBa MoXe OUTH pasJior 3a CMamkemhe I'yCTUHE jefiapa y Mulnhy kBaapuienca 30or kpaher
nepuosia JIeHepBalyje MHIIMha ¥ HCTOBPEMEHO, CMAambEHOT KOMIICH3aTOPHOT MHOTEHOT
oaroopa [125]. IlpomeHe y rycTuHH jemapa nepuepHOr HEpBa U HBUME HHEPBHCAHOM
MUIIMhy KBajpHIenca Yy pa3iMyuTUM BPEMEHCKMM Taukama OoJIecTH, YyKa3zyjy Ha
NOTEHIMjaliHy ylory BuTamuHa be y mporecuma uHuATpanyje ¥ MHUrpanuje MMYHCKUX
hemmja Ha MecTo nH(IIaManyje, Kao u yjaory BuTaMuHa be y mpoiiecuma pereHnepaiiije HepBa.
Kaxo Oucmo ca curypHomrhy MOrau Aa YTBpAMMO YTHIIA] Tepanuje KOMIUIEKCOM BUTaMHUHA

be Ha nerexroBaHe mpoMeHe y nepudepHUM HepBUMa M MUIIMhUMa, HEONXOJHA Cy JAajba
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HCTpakMBama Koja wu3Mmehy ocrajmor mnoapasymeBajy uAeHTH(HKANN]y CcHeuGUIHAX

henmujckux nomynarnwuja.

Xucronarosomnka obenexja MC-e u xuBotumckor Mmozena EAE-a oOyxsarajy
mojamy Jje3uja, Mecta noBehane mepuBeHynapHe TUM(O-MOHOIUTHE WH(UITpAIUje, Kao U
nosba JeMHjeMHU3anuje y pazmuuutum aenouma [[HC-a, mTo je moTBpheHO U y 0BOj
aucepTauuju. XucToMop@oJolKa aHajau3a Mpeceka KMUMEHEe MOXKAMHE U IpPEeImer Mo3ra
yKa3aja je Ha MPUCYCTBO OBHX IpoMeHa y 00e ucnurubane rpyne EAE xuBotuma (E u ET).
Nnak, Tpeba HArimacuTu Ja OBE MPOMEHE HUCY KBaHTH(HUKOBaHE, TE Ja je WHTepIpeTaIuja
pe3yiTara 3acHOBaHAa Ha KBaIMTAaTHBHUM omucuMa. Y rtpynun EAE xuBoTHBma KOje cy
pUMaie Tepanujy KOMIUIEKCOM BUTaMHUHA be, y KHUMEHO] MOXKIUHH YOUYEH j€ HUKU HUBO
uH(UATpayje UMYHCKUX henuja, koju je 61o mpaheH 1 HUKUM CTETIEHOM JIEMU]eITMHU3AIM]e
y OBHM pErHOHHMMa, y OJHOCy Ha Tpymy Herperupanux EAE xuBotuma. Kao mro je u
OYECKMBAHO, BUIJbMBA PA3JIMKa JCTEKTOBaHA je€ y MUKy OOJIECTH Kajga Cy MPUCYyTHA MeECTa
uHwITpara henuja U nojba JeMujeIMHM3anMje y pa3nnuutuM peruonuma L[HC-a, mro je
6uso npaheHo ¥ KIMHUYKOM CIIMKOM, OJTHOCHO moropuiambeM cumntoma EAE-a kox nanosa.
Mamu creneH nHUITpanuje UMyHCKHX henmja koju je youen kox EAE xuBoTHma Koje Cy
npuMajie Tepamnujy KOMIUIEKCOM BUTaMMHa be, Moxe Outu mocneauna ouyBama KMb-e.
Murpanuja neykonura y IIHC onakmana je ycnen HapymeHor unterpurera KMb-e xoju je
nocjenuIa XpOHMYHOT Ipolieca HeypouHQuiamalyje Kao MITO je OMMCaHO y Horiasiby (YBoX
1.1) [7, 9, 11]. Mako TauHu MEXaHU3MHU KOjH Y3pOKyjy HapymaBake KMb-e Hucy cacBum
pasjalmeHy, IOKa3aHo je Ja mpo-uH(IaMaTOpHH MUTOKWHU TUPEKTHO yTUUY Ha moBehany
nponyctibuBocT KMbB-e, mro n0oBoau [0 ojakilaHe MHrpalyje MMYyHCKMX henuja u 3a
nocnenuiy uma pasBoj xponuuHe uHpiaamanuje y I[HC-y [184]. Vcnen uumenure na
nocroju crajHa kKomyHukanuja usmehy hemmja I[HC-a, KMb-e u umyHckor cucrema,
KOHTpOJIa OBHX Ipolieca MOXe OUTH KJbyuHa y oapxkaBamy uHTerpurera KMb-e u camum
THM Yy clpedaBamy Jajber mupewma uHpuamanuje y LHHC-y. Hamme, y mnperxoanum
CTyAMjaMa je TOKa3aHO Ja BUTaMUHU be Kommiekca MMajy MOTEHIMjal Ja YTHYy Ha
onpxkaBame nnterpurera KMb-e u Ha Taj HaunH cnipede nposazak uMyHckux hemmja y HHHC.
Butamunu tpyme be mpomaze KMb-y mporiecom akTHBHOT TpaHCHOpTa KOjU YKIbYUYje
cnienuuIHE TPOTEUHCKE TpaHcmopTepe u Hocaue [185]. V jeaHoj cTyauju, mokasaHo je 1a je
npuMeHa koMOuHanuje suramuaa be6, be9 u bel2 nosena no nodospmama ¢pynkiuje KMb-e
U CMamema HHBOA XOMOLMCTEMHAa Yy CepyMy, KOjU KOJ TalMjeHaTa ca KOTHUTHBOM
mucyHKIMjOM HcmojbaBa HeyporockuuHe edekre [186, 187]. Takohe, yrBpheno je na
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nedunmjeryja ButaMmuaa be9 n bel2 mosxe OuTH moBe3aHa ca MOBUIIIEHOM KOHIICHTPAIH]OM
XOMOLIUCTENHA Yy CEpyMY, 3a KOJU j€ ITOKa3aHo Jia je MMOBUILIEH y cepyMy namujeHara ca MC-
OM M JIa MOXeE JIOBECTH 110 pa3Boja uHpuamanuje y IIHC-y [86, 116, 118]. [Topexn tora, y
Herpetupanoj rpynu EAE kuBOTHHA, Ha TpeceliMMa NpEImer Mo3ra yodeHa je
nHOWITpaLyja IEepPUBACKYJIAPHUX MOHOLMUTA Yy 30HM XOPOMIHOr IuUiekcyca y Tpehoj
BEHTPUKYIHU, y ofHocy Ha rpyny EAE xuBoTuma koja je npumaia Tepanujy KOMIUIEKCOM
ButamuHa be. [To3Hato je na umyHcke henuje mory pocreru a0 paznuuntix perrona [[THC-a
(mo3ak, kuumena MmoxauHa W L[CT) wnam mnposackoM MNpeko XOPOUAHOT IUICKCyca W
JenToMeHuHreanHuM KpBHuM cynosuma y LICT, unm myreM nmapeHXMMCKHX Kamuiapa U
MOCT-KAallMIIApHUX BEHyJa y mnepuBackyitapuu npoctop [9, 188, 189]. Ksamurarupna
XHCTOMOpP(OIIOIIKa aHamM3a Mpeceka KMUMEHEe MOXKAWHE M IMPEeIer Mo3ra yKaszaja je Ha
MOTEHIMjalTHy YJIOTY KOMIUIeKca BuTamuHa be y onpxkaBamy wuHTerputera KMb-e u
KOHTPOJM TMpolieca WHOUITpanyje UMyHCKUX henmja. Melhytum, kako Ou ce AeTabHO
YTBpPAHO MEXaHM3aM JIeJIoBamba KOMIUIeKca BUTaMuHa be Ha npouece ouyBama KMb-e, kao u
epexkar Ha IOjeIMHAYHE THIIOBE heiuje WMYHCKOT CHCTEMa HEONXOJHa Cy Jajba
UCTpaXHBama Koja OM omoryhmina maeHTH(HUKOBame crenuuuHOr TUHa henmja Koje cy
YKJbY4€HE y OB€ IIpoliece.

ITponiecu Hapymasawa KMbB-e mory 6utu mocpenoBaHu M AM30M030M MHUKpOOUOTE
peBa. MHorobpojHe cTyauje ykazaje Cy Ha MPHUCYCTBO JU30M03€ MUKPOOHOTE I[peBa KO
narjenata ca MC-om, kao u y mozeny EAE-a [59, 190]. Ynpkoc BenukoM Opojy cTyauja,
MOPEKJIO ayTOMMYHCKOT oJroBopa ycmepeHor npema LIHC-y jomr yBek HUje y MOTIIYHOCTH
pasjaimimeHo. Hanme, mocroje Be XUIOTE3€ O HAUMHY MOKpETamba ayTOMMYHCKOT OATrOBOpa
npema anturennma y [{HC-y: (i) [Ipomene ce ununmjanno aemasajy y [IHC-y unnykyjyhn
nH(pIamMaTopHy Kackany, uHOunaTpauujy wuMyHckux hemmja y IHHC wu  XxpoHuuny
urpaamanyjy; (i) AyToumMyHCKH 0JroBopu ce nokpehy Ha nepudepuju, a 3aTUM J107a34 710
uHpuaTpanuje umyHckux hemmja y IIHC [191, 192]. [locagamma ucTpakuBama yKazyjy Ha
TO J1a c€ BEpOBaTHO 00a Mpolieca OJIBHjajy TOKOM pa3IHuuTUX (ha3a mporpecuje OOJecTH.
HenaBHa mcTpakuBama yka3yjy Ha MOryhy yinory KOMEHCATHHX MHKpOOpraHM3ama I[peBa
Kao Mojynaropa ayrouMmyHckor oarosopa y LIHC-y. Haume, moka3aHo je na mpomeHe y
cacTaBy MHKpOOHOTe 1peBa noBehaBajy MoUI0KHOCT 3a pa3Boj ayrouMyHcke Oonectu [193].
YumeHnIa Ja MUKpOOHOTA IpeBa MPOayKyje BUTaMUHE be KoMIuiekca u 1a OBH BHTaMUHH
MOTY yTHUILIAaTH HA cacTaB M (YHKIU]y MUKPOOMOTE LIpeBa, YMHH MX BAXKHUM (DaKTOpHMa Yy

oJpKaBamkby MeTabonu3Ma ojJpeheHuX BpcTa KOMEHCATHUX OakTepuja U Ccy30ujamy
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KOJIOHHM3aIlMje JPYIMM I[aToreHMM Bpcrama Oaktepuja [87, 194]. ¥V oBoj amcepraiuju,
UCIHTaH je edekar TpeTMaHa BUTaMUHUMa be KoMmIulekca Ha cacTaB MUKpOOMOTE LipeBa y
Tpu BpeMeHcke Tauke EAE-a, mouerak, muk u kpaj Oonectu. [lokasaHo je na MHAyKIHW]a
EAE-a u3a3uBa mpoMeHe y cacTaBy MHKPOOMOTE IpeBa, MOCEOHO TOKOM IOYETKa M IHKa
Oonectu. AHanu3a 3 auBep3MTETa IMOKa3aja je Ja je cacTaB MHUKpOOMOTE IpeBa Ha Kpajy
OosiecTH, Kaja Cy ce CBe KMBOTHHE OlopaBwie 0e3 003upa Ha MPUCYCTBO TpeTMaHa, OHO
HAjCIIMYHUJU CacTaBy MHUKpPOOMOTE LpeBa KOHTPOJIHHUX XKHUBOTHIHA, IITO yKa3yje Ha 3HAYAjHY
yJIory MHUKpOOHMOTE LpeBa y mpouecy omopaska. [lopex Ttora, onapehuBamem mepe Oera
IMBEP3UTETA, TOKA3aHO j€ J1a Cy Ce pa3jMKe y cacTaBy MUKPOOHOTE y OJHOCY Ha KOHTPOJIHY
IpyIy *XHBOTHA CMamuBajie ABOCTpyko Behom O6p3nHoM y EAE xuBoTHH-aMa TpeTHpaHUM
KOMIUIEKCOM BuTaMuHa be, y mnopehewy ca HerpetupanuM EAE xuBotuwmama. OBu
pe3yaTaTtd yka3yjy Ha TO Ja MOBOJbaH eekaT TpeTMaHa BHUTaMHUHMMa be komrekca Ha
KIMHUUYKY cinuky EAE-a Mmoxke OMTH J@IMMHYHO NOCPEOBaH MHUKpPOOMOTOM IpeBa.
[Tokazano je Aa je Ha Kpajy OoJecT KOJA TpEeTUpPAaHUX >KHUBOTUIA, oaHOoc F:B 6wmo
HajcIM4HUjU ogHocy F:B Kon WHTakTHMX, KOHTPOJHUX J>KUBOTHEA, WITO YKadyje Ha
MOTEHIMjalTHy yJIOTy KOMIUIEKca BUTaMuHa be y persepsuju au36no3e MUKpoOHOTE M3a3BaHE
EAE-om. Haj3navajuuja mpomMeHa Ha HHUBOY (amiuidje Ouia jeé CMameme 3aCTYIJbEHOCTH
Prevotellaceae y EAE nerperupanum u EAE jxuBOTHIAMa TPETHPAHHUM KOMILICKCOM
ButamuHa be, y mopehemy ca MHTaKTHUM KOHTPOJHHM KHBOTHIaMa. lllTaBuiie, aHanmsa
Kopenanuje u3Mely KIMHUYKOT 3HaKa OOJEeCTH M 3acTYIJbEHOCTH OaKTEepPHjCKUX pOJ0Ba
MoKa3sala je 3HauajHy HeraTHBHY Kopenanujy usmely 3actymbenoctu Prevotellaceae UCG-
001 1 KIMHMYKUX 3HAKOBA, IITO yKazyje Ja je ciabsbewme cumnroma EAE-a 6uno npaheHo
noBehameM 3aCTyIUBEHOCTH MPEICTaBHUKA OBe rpyre Oakrepuja. bakrepuje poma Prevotella
MpeCTaB/bajy aHaepoOHe TpaM-HeraTUBHE OakTepHje Koje mpunanajy pasaeny Bacteroidetes
U UMajy YJIOTY y pasrpajmu nosmcaxapuja. bpojHe cTyaMje cy ucTakie Ja MalujeHTH ca
MC-om uMmajy cMameHy 3acTylJbHOCT mpeicTaBHHKa poxa Prevotella, y mopehemy ca
31paBUM ocofama, MTO yKa3yje Ha MOTEHIHjaHy MmoBe3aHocT u3Mely matoreneze MC-e u
CMameHE 3aCTYIMJBEHOCTH OBOT poja OakTepHja, Ka0 W Ha MOTCHIHjAIHY YJIOTY BpCTa poja
Prevotella y npomonmju antu-undaamatoprnor oxrosopa [190]. Takohe, mokasano je na
Oakrepuje poma Prevotella crumymumy nmpoaykuwmjy IL-10 y TankoMm mpeBy, kao W n1a
cymemenTanuja Bpcrom Prevotella histicola moxe nma cympumupa EAE [195]. Osu
JUTEpPATypHU TOJAlM yKa3yjy Ha BakHy Be3y m3Mmely sactymseHocTu pona Prevotella u

nporpecuje 00JIeCTH, Ka0 U Ha TOTEHIMjATIHY YJIOTY OBHX OakTepHja y IpPOMOBHUCAY aHTH-
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nH(]IIamMaTopHOr oAroBopa ko manujeHara ca MC-oMm. Y muky 00JiecTH, 3aCTYIJbEHOCT
Oakrepuja u3 poma Prevotella je Owma 3matHo Buina kox EAE xkuBoTHHa TpeTHpaHHX
BUTaMMHMMAa be xomriekca y ofgHocy Ha Herperupane EAE xuBoTHHbE, IITO yKa3zyje Ha
noBoJkaH eekar BuTaMruHa be Ha ycrocTaBibame XoMeocTaze MUKpoOroTe 1pesa. JJoOujeHu
pe3yaTaTH Ccy y CKIaay ca 3aKkJbydlliMa HEJaBHHX KIMHHYKHX ucrnutuBama [155], koja
MMIUTAIAPAJy Ja C€ TepanujcKe WHTEPBEHIMjEe KOjeé MOAu(UKY]y MHUKPOOHOTY IHpeBa W
daBopusyjy pa3Boj ,,JOOPHX " MUKPOOpPTraHHU3aMa ca aHTH-HH(IaMaTOPHUM JCIOBAHEM MOTY
pasmarpaTy Kao areHcH 3a ClipeyaBame/oJarame Mo4eTKa KIMHIYKUX peranca 00JecT Koj
narujenata ca MC-om. Mako oBu Hanasu ykasyjy Ha 3Hauaj (amunuje Prevoteallaceae y
naroreHe3n MC-e, HEONXO/HE Cy Aajbe CTyaHje Kako Ou ce yrBpamio jaa jau pox Prevotella
MOXe OWTH TOTCHIMjaJlHA Teparujcka cTparermja 3a jeuere MC-a, jep cy MokasaHa u
KOHTPaJIMKTOpHA 3amaxkama. [loBehana 3actymbeHocT Hekux Prevotella Bpcra mosesana je
ca uH(}IaMalMjoM MyKo3e IpeBa, mocpeaoBaHoM 7Thl7 momohnukukum henujama. Hexe
Prevotella Bpcre crumynumty enurente henuje na npoussoae IL-8, IL-6 u CCL20, koju Mory
na nipomMoBuiny 7417 umyHCKH oaroBop y Mmykosu [196]. OBu Hana3u ykasyjy Ha TO Ja HEKe
Prevotella Bpcte mMory ydecTBOBaTH y NPOMOLUjH XPOHWYHE WH(pIAMaIMje U AONMPUHETH
pa3Bojy pasnuuyUTUX MHPIamMaTopHux Oosectu. Takohe, mpuMeTaH HopacT 3acTyIJbEHOCTH
npencraBHuka Qamunmje Erysipelotrichaceae je nmerekroBan Ha mouetky EAE-a.
JlutepaTypHu mojany ykadyjy Ha ydemrhe oBe ¢amunuje Oakrepuja y usHaykuuju Thl7
henujckor oaroopa [197], mto Moxe yTunatu Ha noropiame KinHuuke cimke EAE-a. Opa
NPETIOCTaBKa j€ y CKJIaJy ca YHUEHECHUIOM Jla NPOMEHE Yy 3acTYIJbEHOCTH (amuiuje
Erysipelotrichaceae mnpexacraBpajy jemaH o Mapkepa TacTPOMHTECTHHAIHHX OOJIECTH
noBe3anux ca wuHbmamarujom [198]. Takohe, mpensuharmem MeTabOIMUKOr KamaluTeTa
MUKPOOMOTE IIpeBa, Ha TMOUYETKY OojecTu yrBpheHa je moBehana mpomsBoama MeTabOIUTa
KOjU yTHUy Ha Metabomuuku myt , Jludepenunjanuja Thl7 henuja” y HeTpeTrpaHoj rpymnu
KHUBOTHHbA, KOja je OMila cMameHa y TpYyINu )KUBOTHIbA TpeTupaHnux ButamuHumMa be. Ilopen
Tora, nmoBehame 3acTyrspbHOCTH (Gamminje Lachnospiraceae mpumehieHo je MCK/bY4MBO Ha
nouetky Ooniectu koJl EAE »xuBoTuma TpeTupanux BuTamuHuMa be kommiekca. HenaBue
CTyAMje Cy TMOKa3zaje Kopenanujy wusMmel)y 3acTylubeHOCTHM MpeACTaBHUKA (aMuinja
Lachnospiraceae u  mnpomMonuje  aHTU-MH(IAMATOPHOT  OJrOBOpa  MOCPEIOBAHOT
npou3BoamoM IL-10 u TGF-B on crpane mmyHckux henmja, npaheny mudepeHmyjanujom
HamBHUX T nmumdonmTta y T perynaropHe, mTO MOXe OMUTH TOBE3aHO Ca JETEKTOBAHUM

Mo0OoJbIIAkeM KIMHUYKHX 3HakoBa EAE-a KOJ KUBOTHHA TPCTHPAHUX BUTAMHUHUMA be
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komiutekca [199]. Amanusa penaTMBHE 3aCTYIUBEHOCTH CEIMEHTHCAHUX (HIIAMEHTO3HHX
OakTepwja IOKa3aja je Ja HE IOCTOje 3HAaYajHe pa3IuKe H3Mel)y HCIUTHBAHHMX TIpyla
KHUBOTHIba, Mel)yTum, npumeheH je TpeHa cMamema y 3aCTYIJbEHOCTH OBHX OaKTepHja KOJ
EAE xuBOTHHA TPETUPAHUX BUTAMUHMMA be KOMIIeKkca, MTO yKazyje Ha MOTCHIUjaTHY
yIOry KOMIUIEKCAa BHTaMHUHa be y perynanuju  3acTYIUbHOCTH CETMEHTHCAHHX
¢unameHTo3HuX Oaktepuja. JluTepaTypHu mojaly yKazyjy Ha 3Ha4aj CErMEHTHCAHUX
¢unameHTo3HUX OakTepuja y MPOMOBHCAY MPO-UH(IAMATOPHOI MMYHCKOT OATrOoBOpa. Y
CTya¥jaMa Ha MHUIICBUMa I[I0KAa3aHO je Ja OBe OakeTpwje IONPUHOCE TpoIechuMa
Mpe3CHTAIMje aHTHIeHAa OJ] CTpPaHe JCHIAPUTCKUX henuja, IMTO JOBOAM JO 3HAYajHOT
noBehamwa Opoja mpo-uHGIAMATOPHUX HHTpPACHUTENHUX NTuMdonuTa, kao mro cy yo T-
henuje u CD8+ T-henuje [60]. Jour BaxkHuje, yrBpheHo je 1a cerMeHTHCaHe (HIAMCHTO3HE
Oakrepuje mpomoBuiry nudepenuujaunjy 7Thl7 hemuja m nponykumjy IL-17 u IFN-y y
[[pEBUMa, KOjU MOTY y3pokoBatu mporpecujy EAE-a. Haume, MmoHokomoHM3ammja germ free
MHUIIEBAa CETMEHTHCAHMM (PHIIaMEHTO3HHM OakTepujaMa 3Ha4yajHO je moBehana KIMHHYKE
3nake EAE-a, y nmopehemy ca KOHTPOJIHUM MHIIEBHMA, HITO YKa3zyje Ha BaKHY YJIOTY OBHX
Oaktepuja y perynanuje umyHcke xomeocrase [60, 200]. Mukpobuora mpeBa HpoOayKyje
MHOT€ JIUTaHje, KOju MMajy UMyHOMOAyJaTopHH edekar Ha uMmyHcke mporece y [[THC-y.
PaznuuuT NpoayKTH U METAaObOIUTH MHKPOOHOTE I[PEeBa UMajy BaXHY YJIOTY y peryianuju
MMYHCKOT OJIrOBOpa M MOTEHIINjaJTHO MOTY JIOIPUHETH MOKPETamhy ayTOMMYHOCKOT O/ITOBOPA
npema aHturennMa npucytHuMm y ILHC-y. JlureparypHu nonanu HaBoJe M IOCTOjame
IpoMeHa y  MeTa0OJMYKMM  IyTeBHUMa  MHKPOOMOTE IpeBa y  pa3IMYUTHM
HeypoJereHepaTHBHUM 000JbembMa, yKibyuyjyhu u MC-y [201, 202]. LipeBHa MukpoOuoTa,
MPOAYKIMjoM ojpeheHnx wmeTadoiuTa Kao IITO Cy KpaTKOJIaHYaHE MAacHe KHUCEIUHE,
nepuBaTu TpuntodaHa, Kao U Ky4HE KUCEIMHE YTUYE U Ha yJaJbeHa TKuBa, kao mrto je [[HC.
Kao mto je omucano (YBox 1.6), UMyHOMONyJaTOpHA CBOJCTBa BUTaMMHAa MOTY HMaTu
3HaYajaH YTHIAj] HA cacTaB W (yHKIMOHATHOCT Mukpoomore mnpesa [203]. Ha ocHoBy
MicFunPred ananuze mnpenBubhama META0OIMYKOr KamalMTeTa MHKPOOHOTE IpeBa
WCIIUTHBAaHUX TIalloBa, HajBehe pas3nmmke yodeHe cy 3a MeTadoiHM3aM aMHHOKHCEINHA,
YIJbEHUX XUApaTa, JIMIUAA, Ka0 U eHepreTcku MeTtabomnu3aMm y obe ucnutuBane rpyne EAE
KHUBOTHHa 0€3 003Mpa Ha MpPHUCYCTBO WIM OJCYCTBO TpeTMmaHa. IIpomene y oBuM
MeTa0OJMYKHM ITyTeBUMA CE€ HaBOJe W Koj manujeHara ca MC-oM, Kao U y KUBOTHECKOM
moneny EAE-a, ykibyayjyhn KEGG metaboimuke myTeBe Kao MITO Cy (puKcaiuja yribeHuKa,

MeTaboIM3aM MeTaHa, MeTabolIM3aM >Ky4yHHX KHUCelnHa, Merabonuszam Tpunrodana, ABC
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Tpancroptepu, u apyru [204, 205]. Mako pesynraru LefSe ananmse Hucy mokaszamu 1a
MOCTOj€ 3HAYajHE pa3juKe y MpeABU)CHUM METa0OIMYKUM IMyTeBUMa M3Mel)y HeTpeTHpaHuX
u EAE xuBotuma Tperupanux BuramuHuMa be kommiekca, Wilcoxon signed-rank rtect
yKa3ao je Ha IMOCTOjame 3HaYajHUX pa3iinka n3Mel)y MCIUTUBAHHMX TIpyIa HAa MOYETKY U Ha
Kpajy Oosiect. Y OBHUM BpPEMEHCKMM Taukama TokKa Oosiectw, HajBeha pasnuka msmelhy
HeTpeTupaHe u TperupaHe rpyne EAE xuBotmma mpumehena je 3a merabonuszam ABC
TpaHCHIOpTEpa, KOju je OMO cMameH HakoH Tepanuje BUTamMuHHUMa be xomruiekca. Ilopen
TOra, HAKOH Tepamnuje BUTaMuHIUMa be KomIulekca, youeH je TpeH] CMamemha MeTadoIn3mMa
Mmetana. OBaj Haja3 ykasyje Ha MOTEHIMjaTHY yJOTY KOMILUIEKca BUTaMHHa be Tperamana y
perynanuju OBOT MeTabOJMYKOr IyTa jep je IMO3HAaTO Ja je pejaTHBHA 3acTYIJbEHOCT
Methanobrevibacter smithii u nponykuuje merana nosehana koj namnujeHara ca MC-om
[206]. 3nauajHe pasiuke HA MOYETKY M Kpajy Oosectu u3mel)y HETpeTHpaHe W TpEeTHpaHe
rpyne EAE xuBoTuma youeHe cy M 3a MeTabOJMYKE ITyTeBe OMOCHMHTE3e NMPUMAapHHX MU
CEKYHJIaQpPHUX J>KYYHHX KHUCEIHMHA. JIuTepaTypHH Mojmaly yKasyjy Ha peryjIaTopHy YIOTYy
KYYHHX KHCENMHA Yy HeEypouH(IaMaTOpHUM mporecuMa. lIpomeHe y HHMBOMMA KXy4yHE
KHCEJHHE Y IIUPKYJIAIHjH MOTY YKa3uBaTH Ha Be3y uzMely nporpecuje MC-e u metabonmusma
Kyunux kucenuna [207]. YV jemHoj cryaumju, TOKa3aHO je a je KOHIIGHTpaIuja
UPKYIUITYhHX CeKyHIapHHUX JKyYHUX KHCENWHa Omia Huka Koj nanujeHara ca PPMC-om y
nopehemy ca 3apaBum ocobama [208, 209]. Ilopex Ttora, y mwmmijem moxeiny EAE-a,
MUPKYMAITYh HUBOM CEKYHIApHUX KYYHHX KHCEIMHAa Cy OWJIM 3HA4ajHO CMameHU Y
nopehewy ca kourposnom [209, 210]. V apyroj cryauju, yctaHOBIbeHO je noBehame HHBOA
MeTa0OoMUTa KY4YHUX KHcenuuHa (25-xuapokcuxonecrepona) y LICT-u maunmjenara ca
PPMC-om, 10k je HHBO y Tu1a3Mu 0uo cMambeH [211]. Takole, mokaszaHo je fa cy penenTopu
KOJH CYy YKJbYYEHH Y CHTHAIHM3alM]y MeTaboau3Ma )KyIHUX KucenuHa, (ykpyayjyhu FXR u
GPBARL1) exkcipuMupaHu Ha TIHjaIHAM U UMYHCKHM henrjaMa M30JI0BaHUM U3 Jie3uja Oerne
mace [212]. Tperman henmja MHKpOTIHje NPUMEHOM CEKyHIApHE JKy4yHE KHCEIHHE
(TaypoypcOIeOKCUXOJIHA KHUCEJIMHE) Yy IN VItr0 ycioBMMa J0BEO je 0 HWHXHOHIMje
noylapu3aije oBuUX henwja y HEYpPOTOKCHMYHE U Tpo-uH(IamaTopHe (HEHOTUIIOBE, IITO
yKa3yje Ha aHTHU-UH(IIaMaTOPHO JEjCTBO OBE Ky4yHE KHUCelWHe Ha henuje actpouuta H
mukpormuje [213]. CekyHmapHe >kyuHe KucennHe ce (opMHpajy MyTeM EH3MMCKHX
MomudUKaIyja TpUMapHUX J>KYYHUX KHCEIMHAa OJI CTpaHe KOHCTHUTyeaHaTa MHUKpPOOHOTE
1peBa. Ycien Tora, cactaB MUKpoOMOTe ILpeBa MMa 3HayajaH YTUIA] HA HUBO JKYYHHX

KHCeIMHA KOje, 3a y3BpaT, MOTY peryjMcaTd cacTaB MHKpPOOMOTEe Yy LpeBHUMa IyTeM
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JTUPEKTHUX W WHANPEKTHHX MexaHu3ama [207]. JloOujeHu pe3ynraTH yKasaid Cy Ha YIIOTy
BuTaMMHa be y Monynanuju Metabonu3ma )y4Hux kuceianHa. Ha moderky Gonectu youeHo
je mnoBehame 3acTYIUBEHOCTH OBHX META0ONMUYKHUX IyTeBa Yy HeTpetupanum EAE
KUBOTHIbAMa, JOK jé HAaKOH TpeTMaHa BUTaMMHUMa be youeHo BHUXOBO cMmameme. Mako
JUTEpaTypHU IOJAIM HAaBOJE Ja TOKOM IIOYeTKa OOJIECTH A0Na3H /0 CMamelma HHUBOA
oapehenux xyunux kuceawna [207, 208], oBakBu Hajga3u MOTy OMTH pE3yaTaT pasjHKe y:
EKCIIEPUMEHTAIHUM YCJIIOBUMA, COjy JKUBOTHIbA, HAUMHY Y30pPKOBama Kao U THILY Y30pKa.
V3umajyhu y o03up HemoBosbaH Opoj JUTEPTaypHUX IOJaTaka O YTHUIAJy KOMIUIEKCa
BUTaMMHa be Ha wMerabonM3aM Ky4YHHX KHCEIMHA Kao M BaXHOCT MHUKPOOHMOTE Yy
IIPOU3BO/IbY CEKYHIAPHUX XYYHHMX KHCEIIMHA, HEONXOJHO j€ JI0JaTHO HCTPAKUTH BE3y
u3mehy MC-e, )xyuyHux KuceinrHa U MUKpoOuore 1pesa. Takole, 1eTekToBaHe cy U IpOMEHe
y MeTa0OoMMYKOM IyTy TpunTtodaHa HAKOH Tepanmdje BHUTAMUHHMa be KowmIuiekca.
Tpuntodpan M mHEroBu JepuBaTH MJIEHTU(PUKOBAHM CYy Kao MOIYJIAaTOpH Ipoleca
unduamaije [[HC-a u moBe3anu Cy ca pH3MKOM HacTaHka W mporpecuje MC-e [214].
HeomxoaHo je y3eTu y 003up U YH-EHUILY J1a Cy HeKH of] ButamuHa be (kao mro cy be2, be6
u be3) ykipydenn Takohe y merabonmzam TpunrtodaHa mMTO UX YNHH BAKHUM (HaKTOPHMA Y
perynaiju oBor Metabonnukor myta [87]. Yiora onpelyenux nepusara Tpunrodana y MC-u
MOoceOHO je MCTaKHyTa C 003UPOM Ha HUXOBY CIOCOOHOCT Ja JIeNlyjy Kao JIMFaHIH 3a apuil
YTJbOBOJOHUYHM PELENTOP KOJH j& eKCIIPUMHPAH U Ha MOBPUIMHU MHOTMX UMYHCKHX henuja,
kao o cy b-hemwuje, T-henuje, nenapurcke hemuje u makpodaru [215]. Jenan on Hajuenrhe
OINMCAHMX MpoJyKaTa KaTaboiu3ma TpunTodaHa je ¥ KMHYpeHMH, 3a KOJU je MOKa3aHo Ja
npomosuiie nporpecrjy MC-e [216]. Tlopen Tora, mokasaHo je ga cy NPEeKOMEPHH HHUBOU
npo-uHpaamaropaux murokuHa y [IHC-y moBe3ann ca cMameHOM CHHTE30M CEpPOTOHHWHA,
jenHuM ona jaepuBata TpuntodaHa. Y jenHO] CTyauju, YTBpHEHO je J1a je TpeTMaH
CepOTOHMHOM ocnabuo in Vitro nponudepannjy T-henuja u npoussoawy Thl u Thl7
UTOKMHA y henmjckuM KyaTypama H30i0BaHMM u3 manujeHata ca MC [217]. Takobe,
cMmamno je ocimobahame IFN-y u IL-17 muroknna ox crpane CD8+ T-hemumja, a mosehao
npon3Boaby IL-10 ox crpane CD4+ T-henwja m mpomMoBucao ekcrman3ujy Peeyramopne T-
henuje hemuja [217]. Merabonuzam TpuntodaHa oJl CTpaHEe MUKPOOHOTE IpeBa MOXKe OUTH
noBe3aH ca pa3BojeM MC kon Jiere, Kao ¥ ca TeKUHOM M akTuBHouihy came Oosectu [218].
VY mumjem moneny EAE-a, mokaszano je ga merabonusam TpuntodaHa myrem oapeheHux
KOMCHCAJTHUX MHKPOOpraHu3ama IpeBa, ykibyayjyhu L. reuteri, y3opkyje 3HaTHE IpOMEHE y

MMYHCKOM OJTOBOPY M MOXE Jia Tojada ayTouMyHcku onroBop [219]. Edexru merabomuta
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MUKPOOHOTE IpeBa 3aBHCE O] MHOTOOPOjHHMX (aKTopa W TPEACTaBIbajy BPJO CIOKEHY
MHTEPaKIHjy nu3Melhy MUKpOOHOTE 1peBa, JOCTYITHUX HYTpHUjeHATa H KOMIIOHCHTH UMYHCKOT
cucreMa. Y HEKUM CilydajeBuMma, oapeheHn MeTaboJIMTH MOTy MPOMOBHCATH MMYHOJIOIIKY
TOJICPAHIIM]Y U peryiaucatd uHIaManujy, 0K y APYTHM CHUTyalHdjamMa MOTY JONPHHETH
nHpIaMaTOPHUM OJroBopuMa. Mako NpeAuKIMOHA aHaIM3a MMa OrpaHHuYCHa, MOXE Ja
NPY)XH TOCPENaH YBUJI y MeETaOOJIMYKe MPOMEHE KOje ce JIellaBajy TOKOM IpOrpecHje
OonecTH, U yKake Ha ynory onapeheHux merabonuTa y peryjianuju XOMEOCTa3e UMYHCKOT
OJIrOBOpa M Tiporpecuje 6onectu. TauHOCT pe3ynTara nmpeasuhama MeTareHoOMCKOT mpoduia
3aBHCH O] JAOCTYIMHOCTH M KBaJUTeTa MHpopMmanuja y pedepeHTHUM Oa3ama mojaraka, a
aHanu3a mpeaBuhama METarecHOMCKOr Mpoduiaa MOXKE C€ CyCpecTH ca pa3ImdUuTUM
n3zazopuma. OBM M3a30BH YKJbY4yjy €(PHUKACHO O0yXBaTame, OJHOCHO y3UMame Yy 003Hp
CIIO)KEHOCTH MHUKpPOOHHMX 3ajeJlHUIA, BapHWjaldja y MHKpPOOHHMM (QyHKIHjamMa, Kao U
npensuhame QyHKIMja MOBE3aHUX Ca PETKUM WM Make UCTPAKCHUM MUKPOOHUM BpcTama.

JloOujeHn pe3yiITaTi yKa3ajid Cy Ha MOTSHIIMjaIHy yJIOry KOMILIeKca BuTamuHa be y
Moayianuju GyHKIFje MUKPOOHUOTE I[peBa MOCPEICTBOM HEKUX OJ KJbYYHHUX META0OTHYKHIX
IyTeBa KOjH CYy YKJbYUYECHHU y PETyJAINjy UMYHCKOT OATOBOPA U KOjU MOTY OMTH IOBE3aHH Ca
pas3BojeM u nporpecujom MC-e, Mel)yTHM HEONTXOHH Cy JOJATHU EKCIICPUMEHTATHH I101aI1
Kako O ce ca curypHomhy yTBpAWIO Ha KOjU HaYyMH TPETMaH BHTaMHHUMa be xomruiekca

yTH4Y€ Ha MOZYJalKjy MeTabOIMUKUX IIyTeBa MUKPOOHOTE LIpeBa.

Burtamunu rpyme be cy Takohe arencu 3a perynanujy nH(pIaMaTopHUX MpoIeca, IMITo
je motBpheHo u y in Vitro aHanu3u oBe aucepralmje Kajaa cy kopuiiheHe aktuBupane hemnuje
Mukporngje. henuje Mukpornuje npeacraBibajy henmje ypoheHOr MMYHCKOI CHCTEMa Koje
UMajy IBOjHY YJOTY M HCIOJbaBajy U HEYPOIPOTEKTHBHE M HeypoTokcuuHe edekte [220].
IIpekomepHa axTuBanMja henuja MHUKPOIJHMje JONPUHOCH TATOTE€HE3U PA3TUUYUTHX
HEeYpOJIereHepaTUBHUX 000JbeHa, yKbydyjyhin u MC-y [221]. Haume, mokazaHo je aa cy
OKCHJaTUBHA olTehema HEypoHa Y3pOKOBaHA JI€JCTBOM MpO-UH(MIAMATOPHHX MeaujaTopa
(POK u NO) npoaykoBaHuX 0] cTpaHe aKTHBHpaHuX henuja mukporauje [222]. Yumennna
na henuje MUKpOTIIMje UCTIOJbaBajy U HEYPONPOTEKTHBHA CBOJCTBA U J1a Cy (PyHIaMEHTAIIHE Y
perynauuju (yHKIMje M MPaBUJIHOT pa3Boja HEypOHA, NOJIaTHO HCTUYE HUXOB 3HAYaj Y
oapxkaBamy xomeoctase [[HC-a [223, 224]. Pesyararu in Vitro ucrpaxuBama MoKasaiu Cy
Jla je TpeTMaH BUTaMMHMMa be KOMIUlekca 3Ha4yajHO CMamHO HUBO IMPO-HH(pIAMATPOHHUX
MenujaTopa mnpoaykoBaHux on crpane JIIIC-om axTuBMpaHux henmja Mukporiuje,
ykipyuyjyhu POK, NO, TNF-a u IL-6. OBu pe3ynrtaTu cy y KOpelanuju ca JUTePaTypHUM
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mojanMMa, TIIe je TMoKa3aHo Ja je OeHdoTHaMuH (CHHTETHYKH OONHMK BHUTamHHa bel)
3HAYajHO CMamkHO NPOAYKIHWjy Hpo-uHpIamMaTopHux Meaujatopa on crpane JIIIC-om
akTuBupanux hemuja mukporiuje [82]. Takohe, Tperman BuTammHuMmMa be komIuiekca je
CMamkuo MPOAYKIHU]Yy Npo-WH(MIAMATOPHUX MEUjaTopa OJf CTpaHE aKTUBHpAaHUX hemnuja
MHUKpPOIJIMj€ KOJU HCIO0JbaBajy HEYPOTOKCHMYHHM edekaT mnpema henujama HEypoHA |
MO3UTHBHO YTUIA0 Ha moBehame MEeTadoNMYKe aKTHBHOCTHM HEYpOHA, IITO yKasyje Ha
IETOBY MOTEHLHUjAIHY YJIOTY Y MOAYJIAllMjU aKTUBaIMje henuja MUKPOIIHjE U OJpIKaBamby
¢dysakmje Heypona. [lopen Tora, kako Ou ce HCTIUTANIO Ja U CY aHTH-UH(IAMaTOPHU ePEKTH
KOMILUIEKCa BUTaMHHAa be y Kopenanuju ca ekclpecujoM crenuuuHux Mapkepa henmja
MHKporigje, yrnopeheHa je ekcmpecwja pazauuuTUX NpoTeMHa Kox Herperupanux JIIIC-
crumynucanux BV2 hemmja u JIIIC-ctumynucanux BV2 henuja Tpetnpanux ButamuanMma be
KomIuiekca. Mako je KoHIeNnTyaaHu OKBUD Kiacudukanuje GpeHoTurna MUKporinje Ha M1 u
M2 tun mpeBwHIle TMOJeJHOCTaBIbEH, jep (YHKIMja MHUKPOIJIMjE j€ CIIOXKEHA, 3aBHCHA O]
KOHTEKCTa M yKJbyuyje eKcrpecHjy OpojHux Mapkepa [225], kapakrepu3zaiuja (eHOTHIIA
MHUKpPOTJIj€ MOXE JONPUHETH O0O0JbEM pa3syMeBamy aKTUBAI[MOHOT CTaTyca MUKPOTIHjE U
IBCHOT yTHUIIaja Ha peryiamnujy HHGIaMaTopHoT oaroBopa. [loOujeHn pe3ynratu yKa3aid Cy
Ha TOTEHIMjalHy yJIory KoMIuiekca ButamuHa be y perynanuju excrpecuje |L-4 u CD163,
KOJU Cy ONHCAaHM KAao MOJIEKYJIM KOJU HCIOJhaBajy aHTU-MH(]IAMaTOpHE KapaKTEpUCTHKE
[226, 227]. OBu Momnekynu ydecTBYjy y CMamewmy HH(pIaMarmje perynucamem M1/M2
nosiapu3anyje ka M2 ¢enorumny, mro Moxe OMTH y KOpelalMju ca aHTU-UH(IaMaTOpHUM
JIeJCTBOM  KOMIUIeKca BUTaMuHa be moTBpheHMM cMamemeM MNpoAayKluje Mpo-
uHpnamatopaux menujatopa (NO, POK, TNF u IL-6) on crpane akTuBHpaHux henuja
mukpornuje [43, 228]. Takohe, eekar komIuiekca BUTaMHHA be Oriienao ce u y cMamemny
excripecuje ILT-3 u Ly6¢. ILT-3, no3nat jour u kao Lilrb4, ce cmatpa mapkepom mporieca
aKkTHBalMje henuja MUKpOIIMje, jep je MOoKa3aHO Ja je HHUBO EKCIIpecHje OBOI Mapkepa
MOBMIIIEH HakoH ctumyinanuje hemuja mukpornuje JIIIC-om. MehyrtuMm, meroa (yHkimja
jOIII YBEK HHUje CAaCBUM pasjalllibeHa 300T pa3IMuuTHX HUBOA €KCIIPECH]e JETEKTOBAHUX Y N
Vivo u in vitro ycrmoBuma [229]. Tlopen tora, ILT-3 mMoke 1a ¥Ma yjaory y MpOMOBHCAEY
mudepeHnmjanyje perynatopuux T-henmja u cynpecuju mpo-uH(IAMAaTOPHOT HMYHCKOT
oarosopa [230]. Ly6c+ moHoumMTH Cy Takohe KJbydHa momyianuja uHpIamMaTopHux henwja
koje ce perpyryjy y IIHC toxom mporeca urdaamanuje [231, 232]. V oBOM HCTpakuBamy
MOKa3aHo je 11a je crumynanuja BV2 hemuja JITIC-oM goBena 1o cMamema ekcripecuje CD11c

MOJICKYJIa, IOOK je HAaKOH TpE€TMaHAa BUTaMHUHUMaA be kowmiekca HpI/IMeheHO noBehame
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eKcIpecrje OBOr MoJieKysna. Mako HHUje y MOTIYHOCTH pa3jallllbeHO, HEKOJIHUKO CTy/Hja
ykazano je Ha BaxHy yinory CD1llc+ hemmja mukporiwje y HeypouH(pIaMaTOPHUM
nporiecuma 'y [THC-y [233, 234]. Tlokazano je nma je cmameme Opoja CDllc+ henuja
MHUKpOrigje acouupano ca mporpecujom EAE-a, mro ykasyje Ha MOTEHIUjalIHY
HEYPOIPOTEKTHBHY (DYHKIK]jy OBHX hendja, KOjy je HEOMXOAHO Aajbe HcTpakuTh [233].
MehyrtuM, moka3zaHO je W Ja je eKcmpecuja OBOT MoJiekyia mnoBehana Ha Mupyjyhoj
MUKpPOIIIUjU U Yy (a3u pernapaiyje TKUBa, a HucKa y $azu undnamanuje [235]. [Topen Tora,
TpeTMaH BUTaMHHUMa be komruiekca moBeo je 10 nmosehane excnpecuje nporenna NRF-2, 3a
KOjU je MOKa3aHO Jla MMa KJbYYHY YJIOTY y aHTH-OKCHIATUBHOM OJIFOBOPY M OJp)KaBamby
penokc xomeocrase [236]. HexaBhe cryauje mokasaie cy BaxkHy yiaory NRF-2 y cMmamemny
OKcHIaTHBHOT cTpeca u HeypouHduamanuje y EAE-y mw MC-u, ka0 u y apyrum
HEypoJereHepaTUBHUM OOJieCTHMa KOje KapakTepuile xpoHuuHa uH(uamanuja [148]. Ha
mumjem Moaeny IlapkuHcoHoBe Oonectu mokasaHo je ma cy NRF-2 knockout wmwuiieBu
pasBwin 030WJpHHMja omTehema HEypoHa, HacTana ycjel MPEKOMEPHOT OKCHIATHBHOT
cTpeca, ykasyjyhu Ha mocrojame HeypomporektuBHOr edekta NRF-2 momekyma [237].
Crora, mojayaHa akTHUBHOCT aHTH-OKcuaatuBHOT NRF2-mocpemoBaHor onroBopa, Moxe
00jacHUTH HWKE HHUBOE Mpo-uH(IaMaTopHUX Meaujatopa, nocedbHo POK, yodyene HakoH
TpeTMaHa BuTamMuHUMa be komiiekca. Pesynratu in Vitro ananmse ykasyjy Ha MOTEHIIHjATHY
yiory TperMana ButamuHnMa be kommuekca y moxymnanuju genorumna JINC-crumynucannx

BV2 henuja, mro je mpaheHo 1 cMameHOM MPOU3BOIEHOM MPO-HH(PIAMATOPHUX MEIUjaTopa.

Kako Ou ce ucruTany MOTeHIUjalTHU aHTH-UH(IaMaTOPHA MEXaHU3MHU HCITUTHBAHOT
KoMIulekca ButamMuHa be npema kipyunum nporennuma JIIC-unaykoBanor uHdaamMaTopHor
nyra (LBP, CD14 u TLR4/MD?2), ypaljena je aHanu3a MOJICKYJICKOT JOKHHTa. AKTHBaIHja
curHasiHor nyta TLR4 3anounme aktuBamujom LBP comyOGuiHor mporenHa Koju JUPEKTHO
Besyje JIIIC m tpancmopryje ra mo CD14 kopemenropa, koju nake npenocu JIIIC mo
TLR4/MD2 xoMmruiekca Koju je eKClipuMHUpaH Ha noBpinuau henuja mukporiuje [238]. Hakon
TLR4/MD2 axrtuBanmje, monasu go uuaykiuje MyD88-3aBuchux u MyD88-He3aBucHUX
MyTeBa, KOjU JI0OBOJIE /10 MPOIYKIIMje MPOo-uH(IaMaTOPHUX IIUTOKUHA Kao mTo cy IL-6, TNF-
a u NO [239]. TTopen Tora, moTeHnMjaa KOMIUIEKCa BuTaMuHa be 1a MHXHOWpa aKTHBHOCT
INOS mporenna je takohe wcrutan. Ycien uumbenune ga INOS mpeacraBiba jemaH of
rIaBHUX eH3uMma 3a npoaykuujy NO Monekyrna, cynpuMHpame HeroBe (QyHKIHUjEe MOXe
JTONPUHETH CMamehy nH(pIamatopaux npoueca [239]. 1o6po je mo3Haro ja je nmpekoMepHa
aKTuMBalMja curHagHor myra TLR4 ycko moBe3aHa ca TpOrpecujoM HEKOJIUKO
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HEYpOJEereHepaTuBHUX OosecTH, ykbyayjyhu IlapkuHcoHoBy Oonect, AJuixajMepoBy
oostect, aMmuoTpouuHy JarepaaHy ckiaeposdy, kao u MC-y [240]. TTokasano je na je TLR4
jemaH o] BaXHHX MOJIEKYJIa KOjU ydecTByje y maroreHesum MC-e. AKTHBaIMja perentopa
TLR4 y xontekcty MC-e je CIOXKEH Mpolec KOju YKJbydyje pasznuuure ¢GakTope.
[IpBeHcTBEeHO, akTHBanMja penentopa TLR4 je moBe3aHa ca mpeno3HaBambEM MOJIEKYICKUX
obpazana omrehema — DAMPS (enri.  Damage-associated molecular patterns), ogxHocHO
nurananga koju ce ocinobahajy y IIHC-y Toxkom mporeca aemujenuHu3anuje u omrehema
HeypoHa [241, 242]. Wurepakuuja TLR4 ca nuranguma Kao INTO Cy KOMIIOHEHTE
MUjEJIIMHCKOr  aedpuca MOry JONPUHETH IpolecHMMa XpOHMYHE HH(pIaManuje Hu
nemujenuuuzanmje [241]. OHO WITO je MHTEPECAHTHO je Ja je MOKa3aHo Ja je aKTHBaIHja
peuentopa TLR4 nerekToBaHa U Ha OJUTOJCHAPULUTHMA U HEYPOHHUMA, ILITO AOJAATHO MOXKE
JONPUHETH noropiamy uHpIamaTopror mnporeca y LIHC-y [241, 243]. Crora, nuaxubuimja
MpPOTEHHAa KOjU MOCpeayjy y curHamHoMm myTy TLR4, Moxke MOCITyXHUTH Kao MOTEHIIMjaiHa
Tepamnujcka CTpaTeruja 3a CMameHme/KOHTPONYy Ipolieca HeypouHdbiamanuje. Y OBOj
JMCepTalliji, HAKOH CBEOOYXBAaTHE aHAM3€ MOJIEKYJCKOT JOKHMHTa CBaKe KOMIIOHEHTE
KOMILIEKca BUTaMuHa be mpema nporenanMa curHasor nyra TLR4, yodeHo je 1a BUTaMUHH
bel, be2 u bel2 ucnospaBajy HajBehu MOTEHIMjal Be3UBamba 3a MCIUTHBAHE NPOTEUHE, Y
oqHocy Ha japyre be BuTamumHe ucnuTHBaHOr Komiuiekca. KoHkperHo, ButamuH bel2 je
moka3ao TmoTeHmMjan Be3mBama 3a CDI14 pemenrop, mTO Ta YWHH TOTEHIH]aTHUM
KaHIuaaToM 3a uHXuOunujy tpaHcnoprta JIIIC-a um mpeBeHIUjy CIIEACTBEHE aKTUBAalW]je
TLR4. Nako Huje mpumeheH 3HauyajaH KalalMTeT Be3UBamba OBOI BHUTAMUHA 3a KJbYYHE
aMMHOKHUcenuHcke octatke C-tepmuHanHor jnomeHa nporenHa CD14, sutamuu bel2 je
UCTOJbMO HajOoospM moTenujan Be3uBama 3a N-tepmunamau permon CD14 mporteunna,
OCTBAapEH KPO3 MHOTrOOpOjHE MHTEpaKllhje ca KJbYYHHM OCTalMa KOjU CIy’K€ Kao MECTO
BesuBama 3a JIIIC. M3y3eTHO KOoMILIeKCHa CTpyKTypa BuTamuHa bel2, koja ce cactoju on
KOPHHCKOT IIPCTEHA ca IeHTpaaHuM aTroMoM kobanra (Co), omoryhaBa ¢opmMupame BEIUKOT
Opoja MHTEpakifja Koje Cy YKJbyueHe y crabuim3anujy BuTamuHa bel2 yHyTtap mecta
Be3MBarma. HekomKko CTy/uja je UCTakIo J1a pa3Marpame naxuounuje nporenna CD14, kao
u octanux mnporenHa TLR4 myra, Moke NPYXHUTH HOBY TEpaIUjCKy IEPCIEeKTUBY 3a
KOHTpOITy Tiporieca HeypouH(namanuje [239, 244]. [Topen Tora, ButamuH bel2 je ucmosbno
1 obap TOTEHIMjal Be3UBama 3a MpoTenHckn koMiuieke TLR4/MD2. OBe uHTepakiyje cy
HajehuM AenoM ykibydnBalie KOHBEHIIMOHATHE BOJOHUYHE Be3€, Kao U OpojHe xuapodooHe

I/IHTCpaKI_II/IjC Cca aKTHUBHHM MCECTOM OBOI' IIPOTCHUHA, IITO T'a YUHHU ,[[O6pI/IM arcHcomM 3a

129



crpedaBame aKkTuBamuje uHpIamaTopHe kackane. Jlamwe, Butamuau bel u be2 mokazamm cy
no0ap TMOTCHIMjajd BE3MBamba 3a CBE MCIHUTHBaHE mporenHe, a HajBehu 3a mporeun iNOS.
[Tyrem akTUBHOT TpaHCHOPTa, KPo3 CHenuUIHE TpacHOPTEpe Koju ce Hayaze y hemujckoj
MeMOpaHH, OBU BUTAMHHHU TipoJiaze henujcky MemOpaHy U yiase y nutoriazmy [245]. O6a
ButamMuHa, bel wu be2, mnokasasm cy BHCOKM TIOTEHIIMjaJl Be3WBamka 3a KJbYYHE
aMHHOKHCEIUHCKe octatke akTuBHOT MecTa INOS mporenna. Burtamunu bel u be2 caapxke
OMLIMKIIMYHE U TPULUKIMYHE XETEPOIMKIIE Y CBOjOj CTPYKTYPH, KOjU BEpOBaTHO oMoryhasajy
(dopmupame BeTUKOr Opoja MHTEpaKlMja ca akTUBHUM MECTOM IpoTenHa. YumeHuna je na
cy mnoBumeHu HuBou Mojekyna NO acouumpanu ca HOpPOTPECHjOM  Pa3ITUUUTUX
HEYpOJIereHePAaTUBHUX CTarmba, crora WHXUOWIMja aktuBaimje mporerHa INOS Ttakohe
npejcTaBba jenan o1 Moryhux tepaneyrckux npuctyna [246]. [Topen Tora, Butamunu bel u
be5 mnokazamu cy nobap adpunuter BesmBama 3a nporenH LBP (i 3a N- u C- tepmunamuu
JIOMEH), IITO UX YMHHU MOTEHIMjaTHUM areHCcHMMa 3a CYNPUMHUpPame MHUIIMjaTHOT KOpaka y
curHaiHoM 1nyty TLR4, omHocHo y BesuBawy JIIIC-a u copedaBamy jJajbe akTHBAlMje
nH(paamaropHe kackaze. Mako je 3a ocrane Buramuue, ykibyuyjyhu be3, beS u be6 youen
TCHEPaTHO HIDKM a(UHUTET Be3WBama 3a MPOTEHMHE CUTHAIHOT myTa TLR4, HeomxomHo je
HAlOMEHYTH J1a C€ HHbUXOB MOTEHIIHMjall 3a CYNPUMHpAkE aKTUBAlMje MH(IaMaTOPHOT IMyTa
HE MOXE y MOTIYHOCTH 3aHeMapUTH. Hamme, uHTepakiyje JIUraH-IpOTEeuH MpPeCTaBIbajy
JMHAMUYaH TPOIEC KOjH MOJpa3yMeBa KOMIIETUTHBHO Be3WMBamke H3Mel)y KOMIIOHEHTH
ucrnutuBaHor koMmiiekca ButamuHa be u JIIIC-a 3a npoteune curnanuor myrta 1LR4. Mako
noJialy 100MjeHH Ha OCHOBY MOJIEKYJICKOT JJOKMHI'a HE MOTY MPEJIBUETHU Ja JIU UCTIUTUBAHO
JeIMIbeme TMoKazyje arOHUCTUYKY WJIM aHTarOHUCTHYKY aKTUBHOCT, NMOTEHLUjaJIHU AHTU-
uH(IamMaTopHu edekar KoMIuiekca ButaMmuHa be je takohe motephen In vitro ucnutuBamuma
y 0B0j cryauju. Kao mTo ce u 04eKHBajio, CTPYKTYPHO Pa3IMYUTH BUTAMHHH CYy MTOKA3aJIH
pasnuunTe aQpUHUTETE Be3UBama 3a pa3nuuure nporerHe 1LR4 myra, mTo Moke yKa3uBaTH
Ha MOTEHUHUjaIHU CUHEPTHCTUYKH e(dekaT oadpaHuX jeumemha KOjU je HEONXOJHO J1ajbe
ucTpaxuTH. Y3umajyhu y o003up 1a je wuHbIamManuja y OCHOBU Pa3IMUUTHX
HEeypoJleTeHepaTUBHUX 000Jbemha, WIACHTHU(PHUKAIMja HOBUX jeUbeHha KOju Ou Ounu 1o0pu
KaHIUJIaTH 3a peryiaiujy uHQIaMaTOpHUX IyTeBa je o]l Beluke BakHOCTH. Mako je ymora
BUTaMHMHA Tpyne be 3a mpaBuian pa3Boj M (hyHKIMOHHCamke HEpBHOI cuctema Beh 100po
Mo3HaTa, pe3yaTaTd JOOHjeHH y OBO] CTYIWJU MCTUYY 3Hayaj OBUX BUTaMUHA Y KOHTPOJIU

HeypOHH(IIaMaTOPHUX Tpolieca.
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Ha ocHOBY cBHX IIpEACTaB/bEHUX PE3y/TaTa y OBOj AUCEPTALIU)H, MOKEMO 3aKIbyIUTH
Ja BUTaMHMHU Tpyne be nMajy moreHnujan n1a yrudy Ha KOHTPOJTy MH(IaMaTOpHUX Hpoleca,
KOJH JIS)KE y OCHOBHM Pa3IMYUTUX HeypojereHepatuBHux Oosectu (cnuka 38). [lonmarm
NO0MjeH! Ha OCHOBY aHAJIM3€ MOJIEKYJCKOT JOKMHTa yKa3yjy Ha MOTEHIHjaJl CUMYJITAHOT
JIejCTBA OBUX BHUTAMHHA, jep je MMOKa3aHo J1a BUIIE KOMIIOHEHTH U3 KOMIUIeKca BUTaMuHa be
MOXE OCTBApUTH pA3IMYUTE IMO3UTHBHE edekre. CXOMHO TOMe, Tepamuja KOMILIEKCOM
BUTaMHHa rpyne be y3 crapmapiHe MMYHOMOJAYJIATOpPHE JIEKOBE KOjU C€ MPUMEHY]Y Yy
tepanju MC-e, Morna Ou na o00e30enu TOMONHM TepamujCKu TPUCTYN 3a MOCTU3AE
epukacHUje KOHTpoje HeypouH(uamMaTopHuX mpomeca. CBakako, HacTaBaKk aHAJIU3e
N0OMjeHHNX pe3ynTaTa U J01aTHa UCTPaXKHBamba Cy HEOMX0/1Ha KaKo OU ce J0AaTHO MOTBPANO
yTHIAj KOMITJIEKca BUTaMuHa be Ha cmameme nporpecuje EAE-a, kao 1 \BUXOB MexaHU3aM

JIeTIOBama y peryianuju uMyHckor oarosopa y EAE-y u onpkaBamy MIMYHCKE XOMEOCTa3e.

In silico
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Canka 38. Kommiiexe BuTamuna be kao cynpecop Heyopunpiiamauuje. Cymupanu
pe3yJaTaTH HCTPAKHBabA U3BEIEHUX Y iN Vivo, in vitro u in silico ycioBuma.

Excnepumenranau ayroumyHcku ernedanomujenutic (EAE); Jlunonomucaxapuy (JIIC); Komrureke

Butamuna be (KBbB).
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Peanu3zanujomM nmocTaB/beHUX IUJBEBA U €KCHEPUMEHTAIHUX 3a/laTaka MCTPaXHBama y OBO]

CTYIUjH JIOILIO ce 0 pe3yiTaTa Ha OCHOBY KOJUX C€ MOTY U3BecTH cliiefiehu 3akspydliu:

0)

)

In vivo cryamja Ha xuBoTHECKOM Momeny MC-e (EAE) kox Dark Agouti mamosa
mokasana je Ja je tepanuja komruiekcom ButamuHa be (bel, be2, be3, be5, be6 u

bel2) yrunana Ha:

CMambeHhe KIIMHUYHMX 3HAKOBA MIPOTpecrje O0IeCTH U OpXKK OMIOPOBAaK HAKOH OOJIECTH,
anu 6e3 CTaTUCTUYKE 3HAYaJHOCTH,

CTaTUCTHYKHU 3HAYajHE NMPOMEHE y T'YCTHHHU jefapa 3axBaheHor eMopaiHOr HepBa U
BUME HWHEPBUCAHOT MumMha KBajJpuIernca y pPa3IuYuTAM BPEMEHCKUM TadkKama
Oonectu, yka3dyjyhm Ha TMOTEHIMjaJHy YyIOTY BHTamMMHAa be Yy mporecuma
HeypereHepanuje nepudepHUX HepaBa HWHOWITpAIMje W MUTpaAlUje HMYHCKHX
hemuja ma wmecro wH(pIamamuje kKao uW yiaory BuTtamuHa be y mporecuma
pereHepanmje HepBa;

mpouece y TOMIUTEATHUM JpeHupajyhuM nuMGHUM 4YBOpOBHMMA, Tle je
KBaJIUTATUBHOM aHAIM30M NpuMeheHO Ja je TpeTMaH BUTaMHHMMa be KomIuiekca
Y3pOKOBaO CMameme Opoja nuMmdougaux (onmkyaa y pEerHoHy KOpTeKca, a
npuMeheHu Cy U MambU eNUTEITUOUIHY TpanyaoMu. OBU Hala3| yka3yjy Ha
MOTEHIMjaJTHU 3Ha4ya] BUTaMHHA be y KOHTpoIM nH(IaMaTOPHOT 0JIrOBOPA;
XHMCTOJIOIIKE NMPOMEHE y KHUMEHO] MOXIUHU U BEJTMKOM MO3TY TJ€ j€ KBAIUTAaTUBHO
yTBph)eH HUXHM HUBO HHMITpanuje henmuja, KOju je y KHUUMEHO] MOXIUHU OHO
npaheH ¥ HIKUM CTENEHOM JieMHUjelIMHM3alMje, IITO MOXKE yKa3aTH Ha
MOTEHIMjaJTHU aHTH-UH(pIaMaTOpHU edeKaT KOMIUIeKca BUTaMuHa be;

cactaB U mnpeaBuheHy (GyHKLIH]y MHUKpOOMOTE IpeBa y pPa3IMUMUTUM BPEMEHCKUM
TaykamMa TOKOM OoJiecTH, IITO yKa3yje Ha MOTeHUMjaJHy yjory ButamuHa be y
perynucamy au3bunoze mukpoobuore npucyrie y EAE-y. Hajucraknyruje npomene
JIETEKTOBAHE Cy Yy 3aCTYIJbEHOCTH mpeacTaBuuka pamunuje Prevotellaceae. /To kpaja
OonecTH, pekoHCTUTYLHja eyOnorckor cactaBa EAE xuBoTuma ce Opxke oJBUIA Y
TpyNH >KMBOTHH-a TpEeTHpaHWX BHTamMuHuMMa be rpyme. [lopen Tora, mpenukimoHa
aHaJIM3a METa0OJIMYKOT KalmaluTeTa MUKpOOHOTE I[peBa yKka3ana je Ha Moryhy ymory
BUTaMMHa be y Monynamuju HEKHX O] KJbYYHHX METa0OJIMUYKUX ITyTeBa KOJU Cy

YKJbYUYECHH y PETyJalujy UMyHCKOT OATOBOPA.
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2. In vitro ucrnuTHBame aHTH-HH(GIAMATOPHOI IMOTEHIHjala KOMILICKCAa BHTaMuHa be

nokasano je aa tperman JIIIC-om akTuBHpaHne MUKOTJIMje BUTaMUHUMa be yTruue Ha:

a) cmameme npoaykiuje POK, NO u npo-undiaamaropuux nuutokuna TNF-a u IL-6 o
crpane JIIIC-om aktuBupane mumije BV-2 muxpormuje;

0) mpoMeHe y eKchmpecuju cnenuduuHUX ~Mapkepa henwja  MHKpOrjidje  Ka
HEYpPOIPOTEKTUBHOM M2 (eHOTHY;

B) CMameme HEYpOTOKCHMYHOr edekra MenujaTopa MPOAYKOBAHMX OJ  CTpaHe
akTuBUpaHux hemuja mukpornuje mpema SH-SYSY neyponckum henwmjama, mro
BUTaMUHE be KOMIUIeKCa YMHU jeAHUM OJf MOTEHIUjaIHUX HEYPONPOTEKTUBHUX

arcHaca.

3. In silico cTyauja moTeHIMjaHOr MEXaHHW3Ma JejoBama O7a0paHuX BUTaMHHA be
KOMIUIEKCA Ha MPOTEHMHEe OJ HUHTepeca y OKBUpY HHGmamaropHor myra TLR4

unaykosasor JIIIC-om, yka3zaina je Ha moTeHuMjan BuramuHa be na:

a) ce BeXy 3a KJby4HE IpPOTeHHE Y OKBUpPY MH(uamaropHor nyra TLR4 (LBP, CD14 u
TLR4/MD2). KoukperHo, youeHo je na Butamunu bel, be2 u bel2 wucnospaBajy
HajBehn KanmanuTeT Be3UBamba 3a UCIIUTUBAHE NTPOTEHHE;

0) ce Bexy 3a INOS nporenH Kao jeiaH o7 HajBAKHHUjUX MapKepa akTuBauuje hemuja
Mukporiuje. Buramunn bel u be2 cy nokazanu HajOoJbM KamalMTET Be3HMBama 3a

AKTUBHO MCCTO OBOTI ITPOTCHUHA.

Ha ocHoBy pe3ynrara u3BeeHux u3 in Vivo, in vitro u in silico ucnutuBama, Moxe ce
3aKJbYYUTH J1a BUTAaMUHU be KoMmIulekca nMajy MOTeHIHjal Jja ce MpuMemYyjy Kao nmoMohHa
Tepamvja 3a CMamkeme TMpoleca HeypouHduamanuje. Ys3umajyhu y o03up cioxkeHe
UMHTepakiyje u3Mel)ly KOMIOHEHTHM MMYHCKOI cuctema, MukponyrpujeHara, L[HC-a wu
MHUKpOOHOTE I[peBa, aJeKBaTaH TE€PAINjCKU MPHUCTYI NPEeACTaBba jeJJaH OJ] [NIABHUX M3a30Ba
y Jledewmy HeypojereHepaTuBHux Oosectu, mehy kojuma je u MC. Crora, mpukazaHo
UCTPaXMBakE YKa3dyje Ha TMOTEHIMjaJHy YIOTY W MeEXaHW3aM [IelIoBamba KOMILIeKca
ButamMMHa be y perymauuju wuH(pIaMaTOPHUX mpolieca, oOTBapajyhu BpaTa HOBUM
TEPaNHjCKUM HPUCTYNHMA Y Pa3IMYUTUM HEYpPOJEreHEPATUBHUM CTalkbUMa y YMjOj OCHOBH

Cy HEypOHH(IIaMaTOPHU MPOIIECH.
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Mpwuaor 1
Crnucak ckpahenuiia

Arg-1 — (enrn. Arginase 1)

Bcl2 — (euru. B-cell lymphoma 2)

CCL — (enrn. CC chemokine superfamily)

CFA — (enrn. Complete Freund's Adjuvant)

CD — (enrn. Cluster of Differentiation)

COX-2 — Luxnookcurenasa-2 (enri. Cyclooxygenase-2)
CTLA-4 — (enrn. Cytotoxic T lymphocyte antigen 4)

CXCR1 — (enrn. C-X-C Motif Chemokine Receptor 1)

CXCL — (enra. The chemokine (C-X-C motif) ligand)

CoA — (enrn. Coenzyme A)

DAMPs — (earst. Damage-associated molecular patterns)

FSC — (enrn. Forward Scattering)

GM-CSF — (enrn. Granulocyte macrophage colony-stimulating factor)
Hsp70 — IIpoteun TomnotHor moka 70 (enrn. Heat shock protein 70)
ICAM — (enrn. Intercellular adhesion molecules)

IFN — (enr:n. Interferon)

IL — Matepneykun (enr:. Interleukin)

ILT-3 — (errn. Immunoglobulin-like transcript 3)

Ig — (erra. Immunoglobulin)

KEGG — (enra. Kyoto Encyclopedia of Genes and Genomes)
Ki — (enrs. The inhibitor constant)

LBP — JITIC-Be3yjyhu nporeun (enri. LPS-binding protein)
LefSe — (enri. Linear discriminant analysis (LDA) effect size)

Ly6C — (enr1. lymphocyte antigen 6 complex, locus C1)
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MAIT — (enrn. mucosal-associated Invariant T cells)

MCP-1 — (eara. Monocyte chemoattractant protein-1)

MDSC — (enrn. Myeloid-derived suppressor cells)

MHC — (enrn. The major histocompatibility complex)

MFI — (eurn. Mean Fluorescence Intensity)

NAD — (enri. Nicotinamide adenine dinucleotide)

NF-«xB — (enrn. Nuclear factor kappa light chain enhancer of activated B cells)
NFIB — Hykiieapuu ¢axtop-1b (enri. Nuclear factor-1 B)

NKT — (enrsn. Natural killer T cells)

NLRP3 — (erra. Nucleotide-binding domain, leucine-rich—containing family, pyrin domain-
containing-3)

NRF2 — (enru. The nuclear factor erythroid 2—related factor 2)

NRF2 — (enrun. The nuclear factor erythroid 2—related factor 2)

PCR — Jlanuana peaknuja nomumepase (eHri. Polimerase Chain Reaction)
RMSD — (enrs. Root Mean Square Deviation)

SSC — (enrm. Side Scattering)

TCA — (enrn. Tricarboxylic acid cycle)

TGF-B — (enru. Transforming growth factor beta)

TLR4/ MD2 - Reuentop ciuuan Toll-y 4/mujenonanu gakrop mudepenimjanuje 2
komruiekc (eHri. Toll like receptor/ Myeloid factor of differentiation)

TNF-a — Tymopcku Hekpronuku aktop (eHri. Tumor Necrosis Factor)

Tc — (enrn. T cytotoxic cells)

Th — (errn. T helper cells)

Perynaropue T-hemmje — (enrin. T regulatory cells)

INKT — unBapujantau tan NKT

INOS — Unayrnubuinna a3ot okcuaasa (enri. Inducible nitric oxide synthase)

gPCR — KBanTHTaTHBHA JJaHYaHa peakinja nojauMepase (eHri. quantitative Polymerase-
Chain Reaction)
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VNKT - Bapujantau tam NKT
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Mapuja P. Pakuh je pohena 24.3.1994. y beorpany. Hakon 3aBpmiene IX rumnasuje,
ynucyje ocHoBHe akaneMmcke cryauje 2013. roguHe Ha XeMujcKoM (GakylTeTy Y HUBEp3UTETa
y beorpany, crynujcku nporpam buoxemuja. OcHoBHe crynuje 3aBpmana 2017. rogune, ca

IIPOCEYHOM OLIeHOM 8,47,

Mactep akamemcke cryauje ymucyje 2018. rogune Ha buonomkom dakynrery
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H3jaBa 0 ayTOpCTBY

Wme u npesume ayTopa Mapuja Pakuh
Bpoj ungekca 53022/2019
U3jaB/byjem

Jla je IOKTOPCKa AucepTallyja Mo HaCJI0BOM

»YTHIIA] KoMILIeKca BUTaMuHA be Ha HeypouHdJIaManujy 1 pa3Boj
eKCHEePHMMEHTAJHOr aYyTOMMVHCKOI eHiedaJoMujeauTuca“

® pPEe3yJITAaT COIICTBEHOT UCTPAXXKUBAYKOT paja;

e Jla JucepTaliyja y I[eJIMHU HU y JIeJIOBUMA HUje 6UJia mpeJJioKeHa 3a CTUIabe
Jlpyre AUIJIOMe NpeMa CTYAUjCKUM MporpaMmuMa JJpyrux BUCOKOUIKOJICKUX
yCTaHOBA;

® J1a Cy pe3yJiITaTh KOPEKTHO HaBE€Zl€eHU U

e /la HMCAM KpILIKO/Jia ayTOpCKa MpaBa U KOPUCTHO/J1a UHTEJEKTYaTHy
CBOjHUHY APYTUX JIUIA.

IloTniuc ayTopa

Y Beorpapgy,
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H3jaBa 0 HICTOBETHOCTH LITAMIIAHE U €JIEKTPOHCKE Bep3Hje
JOKTOPCKOT paja

Mme 1 npesume ayTopa Mapuja Pakuh
Bbpoj ungekca 53022/2019
Ctyzaujcky nporpam buoJsoruja

HacnoB paga ,,Ytuilaj komiuiekca BuTamMuHa be Ha HeypowHGuIaManujy W Pas3Boj

CKCIICPUMCHTAJIHOI' aYTOMMYHCKOI' CHI_[C(baHOMI/IieJII/ITI/Ica“

MenTOp npod. ap bumana boxxkuh HenesbkoBuh

[ToTnucanu/a Mapuja Pakuh

H3jaBsbyjeM fa je mITaMIlaHa Bep3uWja MOT JJOKTOPCKOT paza UCTOBETHA eJIEKTPOHCKO)]
BEp3UjU KOjy caM mpejao/sia paay noxpamwuBawa y JUrHTAa/IHOM Peno3uTOpPHjyMy
Yuusep3surterta y beorpaay.

Jlo3Bo/baBaM Jia ce obGjaBe MOjU JIMYHU IOJAllM Be3aHU 3a J0O0HWjarbe aKaJeMCKOr
Ha3MBa JIOKTOPa HayKa, Kao IITO Cy UMe U Npe3uMe, roiIMHA U MeCTO pohera U JJaTyM
on6paHe paja.

OBM JIMYHM MOJALM MOTy ce 00jaBUTM Ha MpEXHHUM CTpaHULAMa JUTUTAJIHe
6ub/IMOTEKe, Yy €JIEKTPOHCKOM KaTajJory W y mnybJukauvjaMa YHUBep3uTeTa y
Beorpaay.

IloTiuc ayTopa

Y Beorpapny,
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U3sjaBa o kopumthemwy

OBaamhyjeM YHUBep3uTeTCKy 6H6HOTEKY ,CBeTo3ap MapkoBuh“ ga y Jlurutainu
peno3nTopUjyM YHUBep3uTeTa y beorpazly yHece Mojy JOKTOPCKY AYCePTaLUjy MOJ
HACJIOBOM:

,,YTI/IHa] KoMILIekca BuTamuHa be Ha HeVDOI/IH(bJ'IaMaI_II/I]V H pa3BO] CKCIIECPUMEHTAJIHOT

AYTOUMYHCKOT eHIledaroMujeuTuca’

KOja je Moje ayTOPCKO JeJio.

JlvcepTanujy ca CBUM MNpUJIO3UMa MpeJao/ja caM y eJeKTPOHCKOM ¢opMaTy
IIOTO/IHOM 32 TPAjHO apXUBHUPAHbE.

Mojy JOKTOpCKy JAucepTanujy MNoxpawmbeHy y JIMTUTa/THOM peno3uTOpUjyMy
YHuBep3uTteTra y beorpaZly ¥ J0OCTyIIHy y OTBOPEHOM IIPUCTYINY MOTY Jjla KOPUCTE CBU
KOjU MOLUTYjy oApef6e cafpaHe y oJabpaHoM TUIy JuLeHLe KpeaTuBHe 3ajegHuLe
(Creative Commons) 3a Kojy caM ce 0JJ1y4uo/a.

1. AytopcTtso (CC BY)

2. AytopcTtBo - HekoMepuujaaHo (CC BY-NC)

3. AyTopcTBO - HeKOMepLHjaiHo - 6e3 npepasa (CC BY-NC-ND)

4. AyTOopCTBO — HEKOMEPLIMjaIHO — AeJUTH oA uctuM ycaosuma (CC BY-NC-SA)
5. AytopcTBo - 6e3 npepaza (CC BY-ND)

6. AyTopcTBO - JesiuTH noA uctuM yciaosruma (CC BY-SA)

(MonuMo fa 3a0KpyKHTe caMo je/IHy O, L1eCT NoHyheHux
JuneHnu. KpaTak onuc IMLeHLIM je cacCTaBHU Jle0 OBe U3jaBe).

IloTniuc ayTopa

Y Beorpapny,
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1. AytopcTBo. /[03Bo/baBaTe YMHOKaBakbe, IMCTPUOYIIUjY U jaBHO CaoIIlTaBame Jiea,
Y Ipepajie, akO Ce HaBeJle MMe ayTopa Ha HadyWMH oJpeheH 0] CTpaHe ayTopa WU
JlaBaolla JIMIIEHIle, YaK U y KoMmepldjajHe cBpxe. OBO je Hajc/io60JHUja OJ CBHUX
JINLEHLIH.

2. AyTopcTBO - HEKOMepLHjaaHO. /|03Bo/baBaTe YMHOXKaBae, JUCTPUOYIIU)Y U jaBHO
caonlITaBamwe Jiesa, M Ipepajie, ako ce HaBeJle UMe ayTopa Ha HauuH ozpebheH of cTpaHe
ayTopa WJd JaBaola JiuueHue. OBa JiMIleHIIa He [J03B0/baBa KOMepIHjaJHy YyIoTpeby
Jesa.

3. AyTOopCcTBO - HeKOMepuujaJHO - O6e3 mnpepasa. /lo3Bo/baBaTe YMHOXKaBalbe,
JAUCTPUOYLUjy W jaBHO caoMllliTaBake Jesia, 0e3 MpoMeHa, NpeobOJMKOBama WU
ynoTpebe fesia y CBOM Jiesly, aKoO Ce HaBeJle MMe ayTopa Ha HauyuH ozApeheH of cTpaHe
ayTopa Wid JaBaoua JuleHle. OBa JiMleHLla He [03B0/baBa KOMepLUjaJHy YyIOTpPeOy
Jlesa. Y olHOCy Ha CBe ocCTaJie JIMLeHlle, 0BOM JIMIEHIIOM Ce orpaHH4aBa HajBehu o6um
npaBa Kopulihemwa sea.

4. AyTOpCTBO - HEKOMePLUja/IHO - JeJIUTH NMO0J UCTUM ycJoBUMA. /[03Bo/baBaTe
YMHOKaBakbe, IUCTPUOYIUjY U jaBHO CaOMLITaBakbe /1eJ1a, U Ipepajie, ako ce HaBe/ie UMe
ayTopa Ha Ha4YuH oZpeheH o/ cTpaHe ayTopa WJIM JlaBaolia JIMIEeHIe U aKo ce Ipepaja
JUCTpUOYyHpa MOJ, KUCTOM HWJM CJAUYHOM JiuleHIoM. OBa JMIeHL]a He J[103BOJbaBa
KOMepLHjaJHy yIIoTpeOy AeJia U npepaja.

5. AyrtopcTBO - 6e3 mpepaja. /lo3Bo/baBaTe YMHOXaBame, JUCTPUOYIMjy U jaBHO
caomiuTaBame Jiesia, 6e3 MpoMeHa, NpeobJUKOBamka UM yHnoTpebe Jiesia y CBOM ey,
aKo ce HaBeJle UMe ayTopa Ha HAaYMH oZpeheH o/ cTpaHe ayTopa WJIM JIaBaolia JHUIEHIE.
OBa JiMIleHI]a 103Bo/baBa KOMEPIHjaJIHY yIOTPeOy AeJa.

6. AyTOPpCTBO - [JeJIMTH MO0JA HMCTUM YCJI0OBUMA. /l03BO/baBaTe YMHOXaBambe,
JUCTPUOYLUjY U jaBHO caollllTaBamke Jiesa, U Npepajie, ako ce HaBeJe UMe ayTopa Ha
HAuuMH oJipeheH oJi CcTpaHe ayTopa WJM [JaBaolla JIMIEHLle U aKo ce Mpepaja
AUcTpubyrpa 0O0J, MCTOM WJM CJAAYHOM JuleHUoM. OBa JiMIeHIa [103BOJbaBa
KOMepIlUjaJHy ynoTpeby Jena u mnpepaga. CiaddHa je coPTBEPCKHUM JIHIEHIAMA,
OJTHOCHO JIMIIeHI]JaMa OTBOPEHOT Ko/ia.
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Abstract: The present study aimed to investigate the neuroprotective effects of the vitamin B complex
(B1, B2, B3, B5, B6, and B12—VBC), by studying the changes in the femoral nerve, quadriceps
muscle, popliteal lymph nodes and gut microbiota in the rat model of multiple sclerosis, experimental
autoimmune encephalomyelitis (EAE). VBC treatment attenuated clinical signs of EAE during the
disease, and reduced the duration of EAE thereby contributing to a faster recovery. In VBC-treated
EAE rats, a significant decrease in nerve and muscle nuclear density was revealed during the onset
period of the disease, while a marked increase was detected at the end of the disease, compared
with untreated EAE rats. In the lymph nodes of VBC-treated EAE rats, a fewer number of lymphoid
follicles in the cortical area and smaller epithelioid granulomas were detected. The changes in
microbiota composition were examined using 16S rRNA gene sequencing and bioinformatics analysis,
which revealed the potential of VBC treatment in establishing and /or maintaining gut microbiota
homeostasis. Finally, the present study demonstrated that VBC treatment ameliorated the cellular
changes in the affected peripheral nerve, muscles innervated by this nerve, and the gut microbiota
dysbiosis which occurred during the EAE.

Keywords: vitamin B complex; experimental autoimmune encephalomyelitis; nerve /muscle nuclear
density; popliteal lymph nodes; gut microbiota; neuroprotection

1. Introduction

Experimental autoimmune encephalomyelitis (EAE) represents one of the most fre-
quently used experimental models of multiple sclerosis (MS) [1,2] that mimics many aspects
of MS symptoms and pathology [3]. In humans, MS is a neuroinflammatory, demyelinating
and T lymphocytes mediated disease of the central nervous system (CNS) [4]. The prin-
cipal pathological hallmarks of MS include neuroinflammation, demyelination (myelin
sheath loss and damage), axonal deterioration, and gliosis (glial cells reaction to CNS
impairment) [1,5]. The experimental model of MS can be established either via active
immunization with an adjuvant consisting of myelin-derived proteins or peptides, such as
myelin basic protein, proteolipid protein, and myelin oligodendrocyte glycoprotein [6,7]
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or the passive transfer of activated myelin-specific CD4+ T lymphocytes [8]. MS is me-
diated by Th1, as well as Th17 CD4+ T lymphocytes [9], and is manifested as neuronal
deficiency followed by relapsing/remitting phase. As observed in MS, EAE is characterized
by demyelination and infiltration of different immune cells in CNS [1].

The unfavorable changes in gut microbiota composition, known as “dysbiosis”, di-
rectly modulate the immune response and therefore presumably represent the fundamental
factor for the development of various inflammatory diseases [10]. The gut microbiota is
essential for proper maturation of immune cells and maintenance of immune homeostasis,
regulating both pro- and anti-inflammatory responses [11]. Additionally, the gut micro-
biota influences distant tissues, including the CNS [12]. It has been demonstrated that
gut microbiota communicates with the CNS along the bidirectional gut-brain axis, having
an impact on the permeability of the blood-brain barrier (BBB), hence affecting neural
regulation pathways and CNS homeostasis [13]. Numerous studies have shown that gut
microbiota dysbiosis plays a significant role in different diseases including MS [14], as
well as in EAE [15]. Namely, it was shown that microbiota metabolites are key players in
the regulation of immune response, via several pathways mediated by different microbial
metabolites including short chain fatty acids, tryptophan metabolites, polysaccharide A,
etc., [16]. For instance, it was demonstrated that short chain fatty acids, including propi-
onate and butyrate, produced by certain bacteria, can induce the differentiation of naive
CD4+ T lymphocytes into T regulatory lymphocytes, and therefore directly influence the
T-helper/T-regulatory ratio which is a crucial element in immune-mediated diseases, such
as MS [16,17]. More specific for MS pathology, a recent study identified p-cresol sulphate,
indoxyl sulphate and N-phenylacetylglutamine (bacterial metabolites of tryptophan and
phenylalanine) as neurotoxic mediators of gut-brain communication in MS [18]. Interest-
ingly, it was shown that germ-free or gnotobiotic mice, did not develop EAE, indicating
that the microbiota is required for disease induction [19].

Vitamins of the B group are water-soluble vitamins with many beneficial effects on
the nervous system, which deficiency has been linked to different neurodegenerative
diseases [20]. As demyelination and axonal deterioration are common for both vitamin
B deficiency and many neurological diseases, including MS, it is believed that vitamin B
treatment could aid in axonal recovery and improvement of neuronal function [21-24]. In
our previously published paper [25], we have shown that VBC (a complex of vitamins B1,
B2, B3, B5, B6, and B12) treatment enhanced the motor nerve regeneration and the recovery
of muscle function in a rat model of peripheral nerve injury. Briefly, VBC therapy improved
axonal regeneration, as well as functional recovery, by reducing both Schwann cell decline
and deterioration of myelin sheath [26]. Moreover, we have demonstrated that treatment
with VBC complex accelerated this recovery via attenuation of neuroinflammation [27].
In addition, it was shown that the vitamins B produced by gut microbiota are important
for host health but also for bacterial colonization as well as in regulating the immune
response [28]. Vitamins B are used by gut microbiota as cofactors of numerous metabolic
pathways, playing an important role in regulating the gut microbiota homeostasis [28].
On the other hand, gut dysbiosis could lead to a decrease in vitamin B levels, causing
disruption of the immune homeostasis and further gut dysbiosis development allowing
for colonization by pathogenic strains. Therefore, the modification of gut microbiota using
VBC may provide an adjuvant therapeutic approach for controlling MS progression by
promoting anti-inflammatory response and consequential reduction of CNS inflammation.

As a part of our investigation of the VBC effect on neuroinflammation/neuroreparation [27],
the objective of this study was to investigate whether VBC could ameliorate clinical signs
that occur during EAE. The effects of VBC treatment on affected peripheral nerve and
innervated muscle, processes in draining lymph node, and gut microbiota in the EAE rat
model were evaluated at different time points of the disease course (onset, peak, and end).
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2. Materials and Methods
2.1. Animals

Male Dark Agouti (DA) rats aged between 2 and 2.5 months (weighing between
220-250 g) were obtained from the breeding colony at Military Medical Academy, Belgrade,
Serbia. The animals were maintained at the animal facility of the Faculty of Biology
(University of Belgrade, Belgrade, Serbia), in standard macrolone cages (3 rats/cage) under
conventional conditions: constant temperature and humidity, 12 h light/dark cycle, with
free access to food pellets and tap water. Paralyzed animals were fed and given water
manually. Ethics Review Committee for Animal Experimentation of Military Medical
Academy and Ministry of Agriculture and Environmental Protection Republic of Serbia,
Veterinary Directorate No. 323-07-6180/2019-05 and No. 323-07-06858 /2021-05, approved
all the experiments conducted on animals. The experiments were performed in compliance
with the EEC Directive (2010/63/EU) on the protection of animals used for experimental
and other scientific purposes.

2.2. Chemicals

Vitamin B complex (Beviplex® ampoule containing By (40 mg), B, (4 mg), B3 (100 mg),
Bs (10 mg), Bg (8 mg), and By (4 ng)) was obtained from Galenika a.d. Belgrade, Serbia.
Complete Freund’s adjuvant, containing 1 mg/mL Mycobacterium tuberculosis (CFA) was
obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.3. Induction and Treatment of Experimental Autoimmune Encephalomyelitis (EAE)

Animals (n = 47) were randomly categorized into four different experimental groups:
control intact group (C, n = 6); group subcutaneously injected only with Complete Freund’s
adjuvant (CFA, n = 6); untreated EAE group (E, n = 17); VBC-treated EAE group (ET,
n = 18). The animals from E and ET experimental groups were sub-divided and studied
at three-time points: onset (0), peak (p), and the end (e) of EAE (Eo, Ep, Ee and ETo,
ETp, ETe, respectively). EAE was induced by subcutaneous injection (into the left hind
footpad) of 150 uL of an emulsion containing rat spinal cord homogenate (50% w/v in saline)
in Complete Freund’s adjuvant. Immunization was performed under ether anesthesia.
Subcutaneous injection of Complete Freund’s adjuvant of equal volume was administrated
in age-matched rats in the CFA group. In the ET experimental group, animals were treated
with VBC which was dissolved in saline and administered intraperitoneally once per-day
(i.p. 1.85 mL/kg body weight/day) starting from the onset of immunization (day 0) until
the end of the experiment (day 30), while EAE-untreated rats (E group) received the equal
volume of saline. The experimental design is given in Figure 1.

,l, EAE induction Eo Ep Ee

0

: : X
X X 30

| EAE induction

0

treatment

: ! iX
X X 30

Days post immunization (] sacrifice

Figure 1. Illustration of the experimental design and time points of animal sacrifice. Untreated
EAE rats (E), VBC-treated EAE rats (ET), onset (0), peak (p), and end (e) time points.
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2.4. Clinical Assessment of EAE

The rats were daily examined, weighed and scored for neurological signs of EAE
during 30 days after immunization, by two independent observers according to standard
0-5 EAE grading scale: 0, no clinical signs; 0.5, partial loss/reduced tail tone assessed
by the inability to curl the distal end of the tail; 1, flaccid tail; 1.5, slightly/moderately
clumsy gait, impaired righting ability, or combination; 2, hindlimb weakness; 2.5, partial
hindlimb paralysis; 3, complete hindlimb paralysis; 3.5, complete hindlimb paralysis and
forelimb weakness; 4, quadriplegia; and 5, moribund state or death. The monitoring and
scoring procedure was used for all animals. The mean clinical scores for animals in each
experimental sub-group were calculated at the end of the evaluation period (day 30).

2.5. The Determination of Nerve/Muscle Nuclear Density and Histological Examination of
Popliteal Lymph Nodes

After the animals were sacrificed by decapitation, they were positioned for dissection
of femoral nerves and quadriceps muscles of both back legs. Moreover, popliteal lymph
nodes, located in the lymph drainage route, were collected. The quadriceps muscles,
femoral nerves, and popliteal lymph nodes were washed in saline solution and prepared
for histological H&E technique (Laboratory Oculus, Belgrade, Serbia). A series of muscles,
nerves, and lymph nodes sections were prepared for histological assessment. Afterwards,
nerve and muscle samples were inspected under a 40x magnification, while lymph nodes
samples were observed under 5x, 10x, and 40 x magnification of the brightfield microscope
(Leica, LAS V4.11 software was used for imaging). Image] software was utilized for nuclei
counting and determination of nuclear density (nuclei per mm?).

2.6. Tissue Collection and DNA Extraction for 165 rRNA GENE Sequencing

For each time point of the disease course (o, p, and, e), fecal samples of each animal
were collected in all (sub-)groups (C, CFA, Eo, Ep, Ee, ETo, ETp, and ETe). The genomic
DNA was isolated using the Sigma-Aldrich GenEluteTM Stool DNA Isolation Kit according
to the manufacturer instructions. Briefly, lysates were prepared by adding lysis buffer to
the app. 80 mg of each sample. Following the centrifugation steps, supernatant (700 uL)
was collected and equal volume of 70% ethanol was added and DNA was eluted. Purified
DNA was stored at —20 °C for a longer period time. Quality control of isolated DNA was
evaluated by 1% agarose gel electrophoresis. Sample for each (sub-)group was prepared
for 165 rRNA gene sequencing (pooled DNA of each animal in equal portion).

2.7. 165 rRNA Protocol

Gut microbiota was assessed by 16S rRNA gene amplicon sequencing, performed
using the Illumina NovaSeq 6000 platform. PCR amplification of (sub-)group genomic
DNAs was performed using barcoded primers targeting the hypervariable V4-V5 region of
the 16S rRNA gene: 515F (5'-GTG CCA GCM GCC GCG GTA A-3') and 907R (5'-CCG TCA
ATT CCT TTG AGT TT-3'). A total of 672,480 sequencing reads were generated from eight
samples, with an average of 84,060 + 14,184 reads per sample. The raw data were processed
using the programming language R version 4.1.2 [29] and using the Bioconductor software
version 3.14 [30]. Raw sequencing reads were filtered and trimmed to a length of 200 base
pairs, following the quality control assessment. The DADA2 pipeline was used for the
denoising step and to generate the amplicon sequence variants (ASVs) [31]. After running
the DADA?2 inference algorithm, the sequences were checked for the presence of chimeras
and chimeric sequences were removed. A total of 476,009 reads parsed the upstream
analysis with the range of 42,311-77,952 reads per sample (average number of reads
61,554 £ 10,924). Generated ASVs were aligned against the SILVA 138 reference database
for the phylogenetic identification [32]. Further, microbiota analysis was performed using
the Microeco package (v.0.6.5) and the relative abundances of ASVs were used in the
construction of the data tables from phylum to genus level [33]. The singletons and the
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taxa with the relative abundance lower than 0.1% were removed from the analysis and the
differences in microbial composition among the experimental groups were examined.

Microbial community diversity within and between samples was assessed by measur-
ing alpha and beta diversity indices. Shannon diversity index was calculated as a measure
of alpha diversity, whereas beta diversity was evaluated by performing weighted UniFrac
distances. Log transformed weighted UniFrac distances between samples were used to
perform a principal coordinate analysis (PCoA) plot. Correlation between the relative
abundance of 50 most abundant microbial genera and the clinical score was assessed by
calculating Pearson correlation coefficient. Differentially abundant phylogenetic groups
were detected by performing the differentially abundance test based metastat method
implemented in the Microeco package.

2.8. Statistical Analysis

Descriptive statistics were presented as mean values with standard error (SE). Student
t-test and one-way ANOVA, followed by Fisher’s PLSD test were used to calculate differ-
ences between mean values. A p < 0.05 was considered as significant. Statistical analysis
was performed using the SPSS software for Windows, version 20.0 (SPSS, Inc., Chicago,
IL, USA).

3. Results
3.1. VBC Treatment Attenuates Severity and Duration of EAE

Conventional immunization protocol with rat spinal cord emulsified in CFA usually
induces EAE in DA rats, highly susceptible strain to development of EAE. In the present
study, all immunized rats in the E group (17/17) developed the acute monophasic disease,
while in the ET group 17/18 developed clinical signs of the EAE. The animals from C
and CFA groups did not develop EAE (0/6 per group). In the E group the first signs
of EAE appeared at 14 & 0.43 days post-immunization (dpi), while rats from the ET
group have shown the first clinical signs of EAE slightly, and not significantly later at
15 + 0.66 dpi (Figure 2).

The symptoms peaked at 18 £ 0.95 dpi in the E group, while in the ET group peak
of disease was detected at 19 £ 0.98 dpi. Clinical signs of EAE decreased afterwards
during the period of recovery, and all rats in the E group completely recovered until
26 £ 0.76 dpi while in the ET group animals completely recovered until 23 £ 0.89 dpi (end
of disease). Parameters of the disease were evaluated throughout the disease (Figure 2B),
including incidence (a number of rats that developed any clinical sign); mean day of
disease onset (the mean day on which afflicted animals developed the first clinical sign);
mean clinical score per treatment day (mean disease symptoms for all rats within a given
group per day); mean maximal severity score (the mean of maximal clinical score that
each rat developed throughout the disease); duration of disease (the mean number of
days the rat had any symptoms); duration of paralysis (the mean number of days the
rat had paralysis throughout the experiment); disease severity index (DSI = (maximal
severity of the disease) x (duration of the disease) x (incidence)). Rats treated with VBC
(ET) developed a milder form of the disease (DSI = 14.25) in comparison to rats of the E
group (DSI = 38.08). Additionally, VBC treatment has led to a shorter duration of disease
(6.86 = 1.32 vs. 11.20 £ 1.88 days, respectively, ET vs. E), although this difference was at
the border of significance (p = 0.079, Figure 2B). Similarly, the mean maximal severity score
in the ET group was lower when compared to the E group (2.21 4 0.62 vs. 3.40 £ 0.60,
respectively, ET vs. E), while the mean clinical score per treatment day was significantly
(p < 0.002) smaller in the treatment group (0.38 &= 0.09 vs. 0.69 + 0.16, respectively, ET vs.
E) (Figure 2B). It should be emphasized that although it was not statistically significant
VBC treatment decreased body weight loss during the peak of disease which is in line with
lower clinical scores observed (Figure S1).
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Duration of disease 11.20 + 1.88 6.86 + 1.32 ns
Duration of paralysis 450+ 1.32 3.25+0.63 ns
Disease severity index (DSI) 38.08 14.25

Figure 2. Clinical scores of untreated EAE rats (E) vs. VBC-treated EAE rats (ET) during the
disease course. (A) The mean clinical scores of rats were monitored daily and the animals were
sacrificed as described in Materials and Methods. Animals in E group were immunized and 150 pL
saline was applied daily as i.p. injection from the onset of immunization (0 dpi) until the end of
experiment (30 dpi). Animals in ET group were immunized and treated with cocktail of B vitamins
(B1, B2, B3, B5, B6, B12) at a dosage 1.85 mL/kg body weight/every day, i.p., from the onset of
immunization (0 dpi) to 30 following days (end of experiment). (B) The effect of VBC treatment on
parameters of the disease. Data are expressed as mean =+ standard error (SE), ns—nonsignificant.

3.2. Histological Examination of Popliteal Lymph Nodes as Drain Lymph Nodes after Induction of EAE

Histological examinations of the popliteal lymph node (LN), as a drain lymph node,
section of both control groups (C and CFA) are shown in Figure S2. The cortex contained
several primary lymphoid follicles, mainly poorly developed without visible germinal
centers, which underwent intensive staining (Figure 52). The histology of LN isolated from
untreated EAE rats (E) is shown in Figure 3. The LN in the rats from this group, isolated at
the time point marked as the disease onset (Eo), showed a decrease in the cortex thickness
with medullary hyperplasia (Figure 3A), secondary lymphoid follicles with prominent
germinal center and small epithelioid granulomas (Figure 3A).

The histological examination of popliteal LN sections from untreated EAE animals
at the peak of disease (Ep), showed the masses of macrophages distributed throughout
the whole section, which extend to the medulla. Large epithelioid granulomas were
observed on high magnification 40x, containing epithelioid cells forming granuloma,
surrounded by a collar of lymphocytes, accompanied by cortical atrophy (Figure 3A).
Similar observations were detected on sections from animals at the end of the disease (Ee),
but with a fewer number of secondary lymphoid follicles with a germinal center and small
epithelioid granulomas (Figure 3A). Histological examinations of sections obtained from
EAE animals treated with VBC showed a fewer number of lymphoid follicles in the cortical
area during the ETo, while smaller epithelioid granulomas during ETp and ETe time points
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were detected (Figure 3B). Additionally, a significant difference was detected between the
size/extent of left LNs in comparison with right LNs after EAE induction (Figure S3).

A)  untreated EAE B) VBC-treated EAE

Figure 3. Histological changes in popliteal lymph nodes structure of untreated EAE rats (A) and
VBC-treated EAE rats (B). Micrographs of transverse sections of H&E stained lymph nodes (left—L
and right—R) in three different time points: onset (o), peak (p), and end (e) of the disease. Magnifica-
tion 5x (scale bar 500 um), 10x (scale bar 200 um), and 40 (scale bar 50 um).

3.3. Nerve Nuclear Density

The nuclear densities analysis of isolated femoral nerves at three different time points
showed that in the untreated group of EAE rats this feature has changed significantly
more evidently than in the treated group (Figure 4C-E). Animals with EAE from both
treated and untreated groups (E and ET) showed a significant increase in nerve nuclear
density in comparison to the control groups (C and CFA, p < 0.01). Regarding the EAE
untreated group, at the onset time point (Eo), the left femoral nerve displayed a notable
rise in nuclei number/mm? (3112 + 523) when compared to the right femoral nerve
(2127 4+ 576, p < 0.001, Figure 4C). During the disease peak and at the disease end, there
was no significant difference between left and right femoral nerve in either E or ET groups
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(Figure 4C,D). In addition, for different time points (Eo vs. Ep/Ee), prominent alterations
in nuclei number/mm? were noted for both groups (E and ET) (Figure 4C,D). Moreover,
in Figure 4E, it can be observed that nuclei/mm? of left femoral nerve of the ET group (at
time point ETo) showed a decrease in number (2540 & 594) compared to the left femoral
nerve of the E group at onset (3112 &+ 523, p < 0.01). In contrast, at the end of the disease
(ETe), an increase in nuclei number of the left femoral nerve was observed in the ET
(2950 =+ 480) compared to the E group (2136 + 451, p < 0.001, Figure 4E). Micrographs
of H&E stained femoral nerve transverse sections, showing marked changes of nuclear
density, are separately presented (Figure 4A,B). Histological examinations of nerve nuclear
density of both control groups (C and CFA) are shown in Figure S4.
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Figure 4. The effects of VBC treatment on nerve nuclear density during EAE. (A) Histological
changes of nerve nuclear density in untreated EAE rats (E). Scale bar 50 pm (Magnification 40x).
(B) Histological changes of nerve nuclear density in VBC-treated EAE rats (ET). Scale bar 50 um
(Magnification 40x). (C) Changes in nerve nuclear density in untreated EAE rats (E). (D) Changes in
nerve nuclear density in VBC-treated EAE rats (ET). (E) Changes in nerve nuclear density compared
in both groups (E and ET). The nuclear density is monitored in three different time points: onset
(0), peak (p), and end (e) of the disease. Control intact rats (C), rats s.c. injected only with Complete
Freund’s adjuvant (CFA). Left (L) and right (R) nerve. Results are presented as the mean + standard
error (SE). **** p < 0.0001; ** p < 0.01; * p < 0.05.
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3.4. Muscle Nuclear Density

The nuclear densities of isolated quadriceps muscles at different time points for both
groups (E and ET) showed a significant increase (p < 0.0001) in muscle nuclear density
in comparison with control groups (C and CFA). For all time points in the E group and
onset time point in the ET group, a significant increase in nuclear density in the left
muscle compared to the right muscle was detected (Figure 5C,D). There was no significant
increase in muscle nuclear density between left and right muscle for ETp and ETe groups
(Figure 5D). Interestingly, muscle nuclear density alterations (Figure 5E) followed the
same trend of change as nerve nuclear density (Figure 5E). Namely, at the disease onset,
a decrease of nuclei number/mm? (1116 + 180) was observed in the left muscle of ET
group, compared to the left muscle of the E group (1375 + 255), while, at the disease end, a
notable increase in nuclei number/mm? (1341 + 250) was detected in the left muscle of
the ET group, compared to the left muscle of E group (1061 & 181), (Figure 5E). In parallel,
the same data trend was detected for the nuclei number/mm? for the right muscles of
both aforementioned animal groups (Figure 5E). Micrographs of H&E stained quadriceps
muscle transverse sections, showing prominent changes of nuclear density, are separately
presented (Figure 5A,B). Histological examinations of muscle nuclear density of both
control groups (C and CFA) are shown in Figure 54.

3.5. Gut Microbiota Analysis

To characterize the influence of VBC therapy on gut microbiota composition during
EAE, genomic DNA was extracted from fecal samples of rats from each experimental
(sub-)group. Using this material, the bacterial microbiota composition of each (sub-)group
was assessed by 165 rRNA gene sequencing. There was no significant difference in alpha
diversity between the samples. However, frequently analyzed marker of microbiota—
Firmicutes to Bacteroidetes ratio (F:B) was found to be increased in untreated EAE animals
during the disease (onset, peak, and end; 0.42, 0.33, and 0.33, respectively), compared
to intact control animals (F:B ratio of 0.13). In VBC-treated EAE animals, F:B ratio also
increased compared to the intact control animals (onset, peak, and end; 0.38, 0.30, and
0.22, respectively), although with lower F:B ratio values observed for the untreated EAE
animals. These data indicated that VBC treatment may have a role in regulating the
microbiota dysbiosis induced by EAE, due to the prominent decrease in F:B ratio at the end
of the disease.

The abundance-based heatmap analysis at the family level (Figure 6A), as well as
the bar chart showing the taxonomic abundance at the family level, revealed clear differ-
ences between bacterial composition in VBC-treated (ET) and untreated (E) EAE animal
groups. At the family level, the top 10 bacteria were identified and included Prevotellaceae,
Muribaculaceae, Bacteroidaceae, Erysipelotrichaceae, Lachnospiraceae, Oscillospiraceae,
Rikenellaceae, Desulfovibrionaceae, Chitinophagaceae, and Spirochaetaceae (Figure 6B).
According to the data presented in Figure 6B, the most prominent changes were the de-
cline in Prevotellaceae and the increase in the Muribaculaceae family in all groups when
compared to the intact control animals (C). At the peak of the disease in the untreated
animal group (E), a significant rise of the Bacteriodaceae family was observed while in the
treatment group (ET) it remained consistent during all time points of the disease (Figure 6B).
Additionally, a significant elevation of the Erysipelotrichaceae family was noted in the E
group at the onset and the end of the disease (Figure 6A,B).

According to the metastat analysis (Figure 6C), a significant decrease of the relative
abundance of Prevotellaceae and Erysipelotrichaceae was detected during the onset in the
VBC-treated (ET), compared to untreated (E) animal group, while during the peak of the
disease, in the VBC-treated animal group, a significant increase in Prevotellaceae remained
accompanied with a significant decrease in Bacteroidaceae family abundance. Finally, at
the end of the disease, significant differences between E and ET groups were detected only
for the Erysipelotrichaceae family.
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Figure 5. The effects of VBC treatment on muscle nuclear density during EAE. (A) Histological
changes of muscle nuclear density in untreated EAE rats (E). Scale bar 50 pm (Magnification 40 x).
(B) Histological changes of muscle nuclear density in VBC-treated EAE rats (ET). Scale bar 50 um
(Magnification 40x). (C) Changes in muscle nuclear density in untreated EAE rats (E). (D) Changes
in muscle nuclear density in VBC-treated EAE rats (ET). (E) Changes in muscle nuclear density
compared in both groups (E and ET). The nuclear density is monitored in three different time points:
onset (0), peak (p), and end (e) of the disease. Control intact rats (C), rats s.c. injected only with
Complete Freund’s adjuvant (CFA). Left (L) and right (R) muscle. Results are presented as the mean
+ standard error (SE). **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05.
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Figure 6. Gut microbiota analysis—(A) The abundance-based heatmap of 20 most abundant bac-
terial families level. (B) Relative abundances (%) of top 10 identified bacterial families. (C) Differ-
entially abundant families between untreated and VBC-treated animals based on metastat method.
(D) Principal component analysis (PCA) and clustering of the gut bacterial communities based on log
transformed weighted Unifrac distance. Untreated EAE rats (E), VBC-treated EAE rats (ET) in three
different time points: onset (0), peak (p), and end (e) of the disease, control intact rats (C), and rats s.c.
injected only with Complete Freund’s adjuvant (CFA). Percentage values in parentheses represent a
percentage of variance explained by each component.

Principal component analysis showed clear segregation of gut microbiota from VBC-
treated and untreated EAE animals, which was further separated from the microbiota of
the controls (Figure 6D). Interestingly, the microbiota of EAE animals at the end of the
treatment, when all animals recovered, was the most similar to the microbiota of the control
group, suggestive of the significant role of gut microbiota in the recovery process.

The weighted Unifrac distance calculated between the control and all other samples
(Supplementary, Table S1) indicated that the microbiota of VBC-treated EAE animals at the
end (ETe) of the trial was the most similar to the microbiota of the control group (C). In
addition, during the disease, the calculated distance was decreasing at two-fold higher rate
for the VBC-treated group when compared to the untreated group (dissimilarity decrease
of 8.3 vs. 4.5 between time points for ET and E group, respectively).
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Several Prevotella genera were identified as highly abundant in different samples, while
differential abundance was detected for a number of pairs of comparisons (Figure 7A).
Differentially abundant Prevoteallaceae included Prevotellaceae NK3B31 group, Prevotella_9,
Prevotellaceae UCG-001, and Prevotellaceae UCG-003 and there was a notable change in
the abundance of these groups throughout the disease course. A significant negative
correlation between the abundance of Prevotellaceae UCG-001 and clinical score (Pearson
correlation coefficient —0.719, p value 0.044) showed that alleviation of EAE symptoms
was either followed or induced by the increase in the abundance of this bacterial group.
Finally, it was noted that the abundance ratio of Prevotella at the end point when animals
did not show symptoms of EAE, in both E and ET groups, were similar to those observed
for the control group (C). The trend of change of relative abundance of genera within
the Prevoteallaceae family (Figure 7B) was presented according to the relative abundance
values shown in Table S2.
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Figure 7. Gut microbiota analysis at the Genus level—(A) The abundance-based heatmap of the top
20 bacterial genera (B) The trend of change of relative abundance of genera within the Prevoteallaceae
family for VBC-treated and untreated EAE animals during the course of the disease.

4. Discussion

B vitamins are essential for diverse metabolic pathways and cellular reactions [22,34].
They are required for the metabolism of carbohydrates, proteins, and lipids, and also
play key roles in the regulation of many enzymatic reactions, in the form of coenzymes.
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Most importantly, vitamins of B group are fundamental in providing the energy for the
proper development of the nervous system. Their deficiency has been associated with
cognitive dysfunction and neurological diseases such as Parkinson’s, Alzheimer’s dis-
ease, and MS [22,34]. Importantly, B vitamins are produced by gut microbiota and their
altered metabolism has been linked to gut dysbiosis which occurs in neurodegenerative
diseases [35].

The results of the present study revealed that VBC treatment affected the course of the
disease at specific time points, following the EAE induction. VBC caused a reduction in
the number of lymphoid follicles in the cortical area, while smaller epithelioid granulomas
were observed in the treated EAE rats. At the early phase of the disease, VBC decreased the
nerve and muscle nuclear densities, although the significant elevation of nuclear densities
of both investigated tissues was noticed at the end of the disease. In addition, it should
be emphasized that VBC treatment attenuated clinical signs during the peak and end
phase of EAE indicating that rats treated with VBC developed a milder form of the disease
accompanied by faster recovery during the period of post-immunization. Finally, VBC
treatment in EAE had an impact on the gut microbiota composition.

Interestingly, we detected a significant difference between the size/extent of the left
popliteal LNs in comparison with the right popliteal LNs after EAE induction in all animal
groups, together with increased nuclear density in femoral nerve and quadriceps muscle
isolated from the left legs. Considering that the left leg was challenged for EAE induction,
large drain popliteal LNs from this leg could be a consequence of a progressive process
of antigen presentation that occurred in these regional draining nodes. Importantly, the
applied immunization triggers changes in blood-nerve barrier (BNB) permeability. The
maintenance of BNB permeability is regulated by key tight junction proteins, including
the family of claudins, occludin, and tricellulin [36]. It has been demonstrated that in rats
with EAE, the diminished expression of BNB proteins (i.e., claudin-3 and claudin-5) in
the endothelium is mediated by proinflammatory cytokines, TNF-a and IL-17. Disrupted
BNB permeability could be a possible explanation for a significant increase of nuclear
density/cell recruitment in the femoral nerve and quadriceps muscle, under progressive
inflammatory conditions, such as EAE. In other experimental models, the infiltration of
mononuclear cells into the sciatic nerve was observed after experimental autoimmune
neuritis immunization [37]. In the early phase of VBC treatment of EAE, the changes
in nerve function (paresis/paralysis) were followed by a decrease in nerve nuclear den-
sity and were observed together with the reduction in muscle nuclear density. On the
contrary, our findings displayed that VBC treatment contributed to the increased nerve
nuclear density at the end of the disease. These observations could be correlated with
our recently published results showing that VBC caused a time-dependent rise of cell
number (i.e., macrophages/Schwann cells) and their mutual interactions that are most
likely associated with the regeneration of the injured nerve [26,27]. In addition to Schwann
cells, one study outlined the significance of the olfactory nerve glia, which is more efficient
in removing myelin debris and promoting neuronal regeneration than Schwann cells. Thus,
co-transplantation of both cell types has been proposed as a potential therapy for axonal
regeneration of the injured nervous system, including CNS and peripheral nervous system
(PNS) [38]. The literature data described that VBC, as additional therapy, improved nerve
regeneration, by promoting an increase in the number of Schwann cells, which represent
one of the most important glial cells of the PNS required for myelin formation and axonal
recovery [23,39]. In the present study, the possible explanation for the rise in nuclear density
in the affected femoral nerve after EAE induction could be in line with the infiltration pro-
cess mediated by macrophages of different polarization which facilitate nerve regeneration,
by clearing myelin debris and promoting the cell proliferation and migration [40]. One of
the most frequently described vitamins of the B group, vitamin B12, was specified as one of
the major vitamins responsible for myelin formation. What is more interesting, decreased
levels of vitamin B12 have been detected in neuroinflammatory and neurodegenerative
conditions, including MS [41,42]. Moreover, in one pilot study [43], it was demonstrated
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that high doses of B vitamins supplementation (B1, B6, and B12) improved the optical
nerve functions in MS patients. Due to their neuroprotective activities, the vitamins of
the B complex could represent a potential supplementation therapy for improving the
remyelination of affected nerves and their regeneration [24].

In our study, it was detected that VBC treatment contributed to a significant increase in
muscle nuclear density at the end of the disease. As previously described [44], denervated
muscles show a compensatory myogenic response by forming new muscle fibers from
satellite cells in the process that is opposite to muscle atrophy and cell death. The potential
mechanism of VBC effects shown in our study could be associated with a compensatory
myogenic response and a larger number of satellite cells at the end of EAE. However, a re-
duced number of counted cells was confirmed in muscles at the day 15 post-immunization,
which is in accordance with our previously published results showing the potential of VBC
treatment in reducing the muscle nuclear density during neuroinflammation induced by
peripheral nerve injury [25].

Various studies have shown the presence of gut microbiota dysbiosis in MS pa-
tients [14], as well as in the EAE model [15]. In the present study, we examined the
microbiota composition at the onset, the peak, and the end of EAE in both untreated
and VBC-treated animals. It was demonstrated that EAE induced gut microbiota shift,
especially during the onset and peak of the disease. Interestingly, at the end of the study,
when all animals have recovered the microbiota distance from the control was the smallest,
indicating a role of microbiota in the recovery process. In addition, the distance between
the control and the samples from VBC-treated animals was decreasing more rapidly than
for untreated animals. This led us to the conclusion that the beneficial effect of VBC treat-
ment was at least partially mediated by gut microbiota. The most relevant marker of gut
microbiota dysbiosis in different pathological conditions [45] is the alteration in F:B ratio. In
this study, it was revealed that VBC may have a potential role in regulating the microbiota
dysbiosis induced by EAE during all investigated time points. Most importantly, at the end
of the disease in VBC-treated animals, F:B ratio was the most similar to the F:B ratio in the
intact control animals. Furthermore, it is well established that gut microbiota is a producer
of vitamins of B complex [46], and that these vitamins may impact gut microbiota composi-
tion and function by, among other means, supporting metabolism of certain bacteria and
suppressing colonization of others [47].

The most significant change at the family rank in this study was the decrease in
Prevotellaceae abundance in both E and ET groups when compared to the intact control
animals. Moreover, analysis of correlation between the disease score and the abundance
of top 50 bacterial genera showed a significant negative correlation between Prevotellaceae
UCG-001 abundance and clinical score, indicating that attenuation of EAE symptoms
was either accompanied or induced by the increase in the abundance of this bacteria.
Prevotella species are anaerobic Gram-negative bacteria belonging to the Bacteroidetes
phylum, having a role in polysaccharide breakdown. Numbers of studies pointed out that
MS patients had a depleted abundance of Prevotella in comparison with healthy subjects,
suggesting a potential association between MS and reduced amount of Prevotella, as well
as the potential role of Prevotella in the promotion of anti-inflammatory response [14].
In addition, it was indicated that Prevotella stimulates the IL-10 production in the small
intestine and that Prevotella histicola can suppress EAE [48]. Taken together, it can be
suggested that Prevotella abundance is in close relationship with disease severity and may
play a part in promoting anti-inflammatory response in MS patients. At the peak of the EAE
course, Prevotella abundance was notably higher in VBC-treated animals when compared
to non-treated animals, indicating that the beneficial effect of B vitamins was evident also
through reinforcing the gut microbiota homeostasis. Although our data and data of others
recognize Prevoteallaceae family relevant for MS pathology, further studies are needed to
elucidate if the Prevotella genus can be considered as the potential therapeutic target for MS
treatment. Our results are in accordance with conclusions of some recent clinical trials [49],
which imply that therapeutic interventions which modify the gut microbiota aiming to
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favor the development of “good” microorganisms with anti-inflammatory action, such as
Prevotella, might be considered for reduction of the onset of clinical relapses of disease in
MS patients.

Furthermore, a notable rise of Allobaculum spp. from Erysipelotrichaceae family, and
Erysipelotrichaceae family was detected at the onset of EAE. This bacterial family has
been shown to participate in the induction of Th17 cell response [50], which could elevate
the EAE severity. Both Allobaculum and Erysipelotrichaceae are markers of dysbiosis
induced by high fat diets and obesity [51], as well as in inflammation-related gastroin-
testinal diseases [52]. Moreover, an increase in the abundance of Lachnospiraceae was
noted exclusively at the onset of disease in the VBC-treated animals. Recent studies have
demonstrated a correlation between Lachnospiraceae and promotion of anti-inflammatory
response mediated by IL-10 and TGF-f production by immune cells, accompanied with
Treg cell differentiation, which may be linked to detected amelioration of EAE clinical signs
in VBC-treated animals [53].

5. Conclusions

This study demonstrated that VBC treatment reduced severity and duration of EAE,
attenuated changes in draining (popliteal) lymph nodes, and induced changes in gut
microbiota composition. Analysis of EAE affected nerves and muscles showed that VBC
treatment significantly decreased their nuclear densities at the disease onset, while nuclear
densities of both examined tissues were increased at the end of the disease. Additionally,
in popliteal lymph nodes of VBC-treated EAE rats, fewer lymphoid follicles and smaller
epithelioid granulomas were observed. Regarding gut microbiota analysis, members
of Prevotellaceae family varied most prominently, indicating the potential role of this
bacterial family in shaping the course of EAE. Based on our results and previously detected
association with neurodegenerative diseases, members of the Prevotellaceae appear as a
potential therapeutic target for adjuvant VBC treatment of MS. However, further studies
are needed to investigate the complex mechanisms of immune modulation by intestinal
microbiota, as well as to determine their interplay with therapeutic agents such as vitamins
in the pathogenesis of MS and EAE disease processes.
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ARTICLE INFO ABSTRACT

Keywords: Activated microglia is critically involved in the regulation of neuroinflammation/neurodegradation. Hereby, the
Microglia anti-inflammatory effects of the vitamin B complex (VBC — By, Ba, B3, Bs, Bs, and Bi2) on the function and
N'euro'inﬂammation phenotype of lipopolysaccharide (LPS)-stimulated BV2 microglial cells were examined in vitro. Additionally,
Vitamin B complex VBC-treated microglia supernatants were evaluated on SH-SY5Y cells to investigate the effects on neurons’
Neuroprotection

viability. Further, anti-inflammatory mechanisms of VBC were examined by molecular docking studies to
determine the binding affinity of each VBC component to Toll-like receptor 4 (TLR4) signalling pathway proteins
and inducible nitric oxide synthase. In addition, the dynamical model which simulates VBC inhibition of TLR4
signalling pathway proteins activated by LPS has been constructed and excellent agreement with experimental
data has been observed (adjiR? = 0.9715 and 0.9909 for TNF-a and IL-6, respectively). The obtained data
demonstrated that VBC treatment reduced the inflammatory mediators secreted by LPS-stimulated microglia,
diminished their neurotoxic effects against neurons, and induced changes in phenotype profile toward M2
microglia type. Finally, the constructed dynamical model provides deeper insight into the involvement of each
VBC component on the VBC inhibitory potential toward the TLR4 signalling pathway and enables optimization of

Molecular docking
Dynamical model

novel VBC formulations as well as inhibitory potential of new putative inhibitors.

1. Introduction

An increasing amount of data has shown that neuroinflammatory
processes play a key role in the development of central nervous system
(CNS) pathology [1,2]. These processes are initially induced by an
altered and/or inadequate immune response, mediated by different
peripheral immune cells, as well as CNS-resident cells [3]. Microglia,
tissue-resident macrophage population of the CNS, is considered to be
one of the major immune effector cells specialized for the regulation of
CNS homeostasis and inflammatory response. Besides the fact that
microglia represent the first line of defense in the CNS, participating in
pathogen elimination, they are also involved in the removal of cellular
debris and dying cells [3]. Therefore, microglia maintain CNS devel-
opment and homeostasis through close interaction with other glia cells,
including neuronal cells, astrocytes and oligodendrocytes [3]. In
response to different stimuli, microglia cells produce proinflammatory

* Corresponding authors.

cytokines such as tumor necrosis factor a (TNF-a), interferon (IFN) vy,
interleukin(IL)-1p, IL-6, as well as proinflammatory molecules including
reactive oxygen species (ROS), and nitric oxide (NO) produced by nitric
inducible synthase (iNOS) [3]. The uncontrolled microglial activation
and inflammatory response in CNS leads to the oxidative damage and
disruption of the blood-brain barrier (BBB), which, in turn, facilitates
the infiltration of other peripheral immune cells including monocytes,
Th1 and Th17 lymphocytes, B lymphocytes, and dendritic cells (DC) into
the site of inflammation [4]. Deregulation of these processes may cause
chronic inflammation in the CNS, which is a feature of many neuro-
logical diseases, including multiple sclerosis (MS) [3]. MS is one of the
most common autoimmune CNS diseases, characterized by demyelin-
ation, progressive axonal damage, and subsequent neurodegeneration. It
is a complex process that encompasses a cross-talk between numerous
immune cells and releasement of proinflammatory mediators, followed
by neuronal function loss and consequent neurodegeneration [5].
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Using the animal model of MS, experimental autoimmune encepha-
lomyelitis (EAE), different studies have described that microglial acti-
vation (antigen presentation and production of proinflammatory
molecules) led to the worsening of EAE symptoms [2,6]. On the other
hand, due to the dual role of microglia in CNS and their neuroprotective
effects, it also has been indicated that microglia participate in processes
of T regulatory cell proliferation, remyelination, and neurogenesis,
resulting in attenuation of EAE disease development [7]. These findings
suggest that modulation of microglial activation may alter the course of
disease leading to faster neuroregeneration and recovery. Hence, further
investigation of detailed mechanisms underlying neuroinflammation
processes can lead to a better understanding of microglial functions in
neurodegenerative diseases such as MS, as well as to aid in the discovery
of new therapeutics that could attenuate disease progression.

In our previous paper, it has been revealed that the in vivo vitamin B
complex (VBC - By, By, Bs, Bs, Bg, and B;3) treatment of EAE, amelio-
rated the cellular changes in the affected peripheral nerve, muscle
innervated by this nerve, and the gut microbiota dysbiosis, which
occurred during the EAE progression [8]. Therefore, VBC treatment can
serve as a possible therapeutic strategy for the regulation and reduction
of inflammatory response in neurodegenerative diseases. B vitamins act
as coenzymes in multiple metabolic reactions and are necessary for the
metabolism of macronutrients, such as proteins, carbohydrates, and
lipids. They are water-soluble vitamins and are well-known as essential
micronutrients for proper neurological functioning [9]. Decreased level
of B vitamins has been linked to neuronal dysfunction and neurological
diseases development, including MS [10,11].

In the present study, the effects of VBC treatment on functions and
phenotype of activated microglia (model system — lypopolysaccharide
(LPS) stimulated BV2 microglia cells) as one of the main inflammatory
cells that mediate neurodegeneration in MS were evaluated. Further-
more, using the microglial culture supernatant transfer model on SH-
SY5Y neuronal cells, the neuroprotective activity of VBC was exam-
ined. Additionally, to determine the inhibitory potential of VBC, mo-
lecular docking studies of examined B vitamins were performed on
proteins of interest within the LPS-induced Toll-like receptor 4 (TLR4)
pathway mediated by LPS-binding protein (LBP), cluster of differentia-
tion 14 (CD14), Toll-like receptor 4/myeloid differentiation factor 2
complex (TLR4/MD2), as well as iNOS, crucial marker of microglial
activation. Finally, the dynamical model, which successfully describes
the competitive binding of examined B vitamins vs. LPS to TLR4 sig-
nalling pathway proteins, has been constructed.

2. Material and methods
2.1. Chemicals

Vitamin B complex - Beviplex® ampoule (Galenika a.d. Belgrade,
Serbia) which is commercially available contains: B; (thiamine hydro-
chloride, 40 mg), B, (riboflavin sodium phosphate, 4 mg), B3 (nicotin-
amide, 100 mg), Bs (calcium pantothenate, 10 mg), Be (pyridoxine
hydrochloride, 8 mg), and B;3 (cyanocobalamin, 4 pg). Complete cell
culture medium (RPMI medium, acquired from Sigma-Aldrich, St. Louis,
MO, USA) used for cell-related experiments, consisted of RPMI 1640
supplemented with 10% inactivated Fetal Bovine Serum (FBS), glucose,
and 1% antibiotics (penicillin/streptomycin), all acquired from Sigma-
Aldrich (St. Louis, MO, USA). Lipopolysacharides from Escherichia
coli 0111:B4 (LPS) used for cell stimulation, 3-(4,5-dimethylthiazole-2-
yD)-2,5-diphenyltetrazolium bromide (MTT) used for the metabolic ac-
tivity determination, and nitroblue tetrazolium chloride (NBT) used for
determination of ROS production, were obtained from Sigma-Aldrich
(St. Louis, MO, USA). MTT and NBT were dissolved in sterile PBS in
concentration of 5 mg/mL.
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2.2.1. Cell cultivation

To investigate the effects of VBC on cell metabolic activities and their
functions in vitro, two cell lines — BV2 (murine microglia cells) and SH-
SY5Y (human neuroblastoma) were cultured. Cells were purchased from
American Tissue Culture Collection (ATCC, Manassas, VA, USA). Cell
lines were maintained in a cell culture medium at 37 °C, in a humidified
atmosphere with 5% CO,. After reaching the confluence, cells were
passaged for further assays with 0.25% trypsin (Sigma-Aldrich) dis-
solved in PBS containing 0.02% NayEDTA according to standard labo-
ratory protocols.

2.2.2. Cell line treatment

In this study, BV2 cells were used as a well-characterized and
extensively employed model system for microglia. BV2 microglia cells
were seeded (1 x 10% cells per well) to a 96-well microtiter plate and
stimulated with LPS in the final concentration of 10 pg/mL. The influ-
ence of different LPS concentration (from 0.1 to 10 pg/ml) on BV2 cell
activation status was measured by determining the level of nitric oxide
production. Since the optimal LPS concentration for activation of BV2
cells was 10 pg/ml, we decided to use this concentration for further
experiments. VBC, in three different concentrations (Table 1), was dis-
solved in a complete culture medium, added to the cells (50 pL of each
concentration) and further incubated for 48 h. Non-stimulated cells
cultured only in complete medium were used as a control.

2.2.3. MTT assay

The effects of VBC on cell metabolic activity were determined by
MTT assay as previously described [12]. Briefly, 100 uL of cells were
added to each well (1 x 10* cells per well). For BV2 cells, 50 pL of LPS
solution (final concentration 10 pg/mL) and 50 pL of the VBC were
added to each well. Control column contained 50 uL of LPS and 50 uL of
RPMI with 10% FBS. Following the 48 h incubation, 100 pL of the me-
dium was removed from each well and 10 pL of sterile MTT solution was
added. After 3 h of incubation (at 37 °C in a humidified atmosphere with
5% CO5), 100 pL of 10% sodium dodecyl sulphate (SDS, Sigma-Aldrich)
with 0.01 N hydrochloric acid (Zorka Pharma, Sabac, Serbia) was added
and after the dissolution of the precipitated formazans, the absorbance
was measured at 540 nm (Microplate Reader LKB 5060-006, LKB In-
struments, Vienna, Austria). The results are presented as metabolic ac-
tivity, from three independent experiments performed in quadruplicate
relative to the non-stimulated cells, given a value of 100%.

2.2.4. NBT assay

The effect of VBC on the generation of ROS was examined using the
NBT assay [13]. The experiment set-up was identical to the one used for
the MTT assay. Following the 48 h incubation, 100 uL of the medium
was removed from each well and 10 pL of NBT was added to the
microplate which was incubated for 3 h, at 37 °C in a humidified at-
mosphere with 5% CO2. Afterwards, 100 pL of 10% SDS with 0.01 N
hydrochloric acid was added and after the dissolution of the precipitated
formazans, the absorbance of the solution was measured at 540 nm
(Microplate Reader LKB 5060-006). The results are expressed as the
mean values of the ROS index, calculated according to the absorbance of

Table 1
Concentrations of B vitamins present in the VBC used for in vitro assays.
B vitamins C1 (pM) C2 (pM) C3 (M)
B, 50 100 250
B, 3.52 7.04 17.62
Bs 344 688 1720
Bs 8.84 17.68 44.22
Bg 16.36 32.72 81.80
Bz 1.24 x 1073 2.48 x 1073 6.22 x 1073
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the samples made in quadruplicate, relative to the non-stimulated cells,
given a value of 1.

2.2.5. Determination of NO production

To assess the effect of VBC on NO production, Griess assay was
performed, as previously described [14]. Following the stimulation of
BV2 cells with 10 pg/mL LPS for 48 h, 50 uL of supernatants were mixed
with 50 uL of Griess reagent. After 10 min incubation, the absorbance of
the solution was measured at 520 nm (Microplate Reader LKB
5060-006). Each VBC treatment was performed in quadruplicate and
the results are presented as nitrite concentration (umol/L) equivalent to
NO production, in comparison with non-stimulated cells.

2.2.6. Determination of cytokine concentration in cell supernatants
Pooled supernatants of LPS-stimulated and VBC-treated BV2 cells
from three independent experiments were used for IL-6 and TNF-o
quantification by enzyme linked immunosorbent assay (ELISA) kits ac-
cording to the manufacturer suggestions (R&D Systems). The results are
expressed in pg/mL for one of the three independent experiments.

2.2.7. The microglial culture supernatant transfer model

The effects of VBC on neuron metabolic activity were determined by
the microglial culture supernatant transfer model as previously
described [15]. Briefly, the supernatants of stimulated BV2 cells, treated
with 10 pg/mL LPS and VBC in different concentrations (100 pL), were
transferred to a 96-well microplate seeded with SH-SY5Y neurons (1 x
10* cells per well). After 24 h incubation, the metabolic activity of the
neurons was determined by MTT assay, as described above.

2.2.8. Flow cytometry analysis

The phenotypic analysis of VBC-treated BV2 cells was performed on
BD LSRII flow cytometer (BD Biosciences). Following the trypsinization
procedure, single cell suspensions were prepared. Further, the cells were
washed once in PBS, and incubated in presence of 2% mouse normal
serum for 15 min at 4 °C prior to antibody staining procedure. For
surface staining, cells were incubated with following antibodies diluted
in recommended concentrations in PBS containing 0.01% NaN3 (Sigma-
Aldrich): IgG1 negative control (MOPC-21)-Phycoerythrin (PE), IgG1
negative control (MOPC-21)-Peridinin-Chlorophyll-Protein (PerCP),
IgG1 negative control (MOPC-21)-Allophycocyanin (APC), IgG1 nega-
tive control (MOPC-21)-APC-Cyanine7 (Cy7), CX3CR1 (SA011F11)-PE-
Cy7, Arginase 1 (14D2C43)-PE-Cy7, Ly-6C (HK1.4)-Alexa Fluor 647,
CD85k (ILT3) (H1.1)-Alexa Fluor 647, CD11b (M1/70)-PE-Cy7, CD11c
(N418)-APC-Cy7 (all from BioLegend, San Diego, California, USA);
CD86 (GL1)-PE-Cy5, (eBioscience, Thermo-Fisher Scientific, Waltham,
Massachusetts, USA); IgG1 negative control (MA5-18167)-Alexa Fluor
488, IgG1 negative control (MG112)-PE-Cy7, CD86 (GL1)-APC (all from
Invitrogen, Thermo-Fisher Scientific); CD163 (Polyclonal)-PE (Bioss,
Woburn, Massachusetts, USA). For detection of intracellular markers,
cells were further processed with the flow cytometry fixation and per-
meabilization kit I, following the manufacturer instructions (R&D Sys-
tems) with antibodies diluted in recommended concentrations: IL-4
(11B11)-Alexa Fluor 488 (both from BioLegend); NRF2 (D1Z9C)-Alexa
Fluor 488 (Cell Signalling Technology, Danvers, Massachusetts, USA).
For each analysis, more than 10,000 cells were gated according to their
specific side-scatter (SSC)/forward-scatter (FSC) properties, after dou-
blets exclusion according to forward scatter (FSC)-A/FSC-H properties.
Signal overlap between the channels was compensated before each
experiment using single labeled cells; non-specific fluorescence was
determined by using the appropriate isotype controls and fluorochrome
minus one (FMO) control.

2.3. Molecular docking

Molecular docking study was performed in order to determine the
binding affinity of the B complex vitamins (B;, By, B3, Bs, Bg, and B;3)
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toward amino acid residues of LPS-binding protein (LBP, Protein Data
Bank (PDB): 4M4D), cluster of differentiation 14 (CD14, PDB: 1WWL),
Toll-like receptor 4/myeloid differentiation factor 2 complex (TLR4/
MD2, PDB: 3VQ2), and iNOS.

Three-dimensional (3D) crystal structures of proteins used in this
study were retrieved in pdb format from the RCSB Protein Databank
[16]. Proteins were prepared for molecular docking by removing all li-
gands, water molecules, and cofactors in the BIOVIA Discovery Studio
2021 [17], while missing amino acid residues (in the case of CD14) were
added using Modeller 10.1 [18]. The adjustment of histidine proton-
ation states, as well as the addition of polar hydrogens and Kollman
charges to proteins were performed using the AutoDockTools (ADT)
graphical interface [19].

All studied vitamin structures, except vitamin B;3, were obtained
from the PubChem Compound database in sdf formats [20]. The struc-
ture of vitamin B1o was taken from the RCSB Protein Databank (PDB:
5YSC). Geometries of ligands were additionally optimized and energy
minimized using the UFF (Universal Force Field) implemented in the
Avogadro program (version 1.2.0), to ensure that the lowest-energy
structure is used for the docking study [21]. The atomic partial
charges (Gasteiger) were assigned to the vitamins by using the ADT
graphical interface.

Docking simulations have been conducted in AutoDock 4.2.6 pro-
gram equipped with ADT graphical interface. Grid box for each protein
was generated to include the LPS-interacting amino acid residues (both
N- and C-terminal region for LBP and CD14; A, B, and C chain for TLR4/
MD2) or the active site of an enzyme (for iNOS). The center of the grid
box was set at the following coordinates: N-terminal (X = -13.959, Y =
-47.977,Z = 101.043) and C-terminal (X =41.7,Y =-9.01, Z = 15.376)
for LBP; N-terminal (X = 21.823,Y = 47.806, Z = -5.189) and C-terminal
(X = 14.392, Y = 11.095, Z = 11.885) for CD14; X = -28.830, Y =
-15.412, Z = 22.638 for TLR4/MD2; and X = -55.258, Y = 135.368, Z =
43.323 for iNOS. For LBP, TLR4/MD2, and iNOS a box of size 60 A x 60
Ax60 A was used, while for CD14 the dimension of the box was 70 A x
70 A x 70 f\, in the X, y, and z directions, with distance of 0.375 A
between the points. Due to the complex structure of vitamin B;5 and the
position of active site cavity in the center of iNOS protein, as well as the
position of the key residues of the C-terminal domain of LBP and CD14
proteins, the grid box dimensions for these proteins were set to 90 A x
90 A x 90 A, in the x, y, and z directions. Docking of each ligand to
protein was performed with 200 iterations, while all other parameters
were set to default. To generate the ligand orientation within the active
site, Lamarckian genetic algorithm was applied. The conformer with the
lowest binding energy in the highest numbered population size of cluster
(where it was applicable) was considered to be the best pose. All results
were analyzed and visualized using BIOVIA Discovery Studio 2021 and
ADT programs.

To verify the validity of the docking study, re-docking of the ligands
present in the crystal structures of LBP, TLR4/MD2, and iNOS (1,2-
diacyl-sn-glycero-3-phosphocholine for LBP, 2-deoxy-3-O-[(3R)-3-
hydroxytetradecanoyl]-2-{[(3R)-3-hydroxytetradecanoyl]amino}-4-O-
phosphono-beta-D-glucopyranose for TLR4/MD2, and N-omega-propyl-
L-arginine for iNOS) were performed, following the same docking pro-
tocol as described earlier. The root mean square deviations (RMSD)
between the docked and crystal conformations were then computed.

2.4. Dynamic model description

Mechanism of LPS binding to TLR4 signalling pathway proteins
(LBP, CD14, TLR4/MD2) and its corresponding inhibition by VBC can be
presented as a series of interdependent interactions (Fig. 1), and can be
written in form of chemical binding reactions:

kyk-y

[LBP] + [LPS] [LBP — LPS) (1.1)
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TLR4/MD2
-LPS

Fig. 1. Diagram of LPS transportation by TLR4 signalling pathway proteins and proposed mode of its inhibition by complex of vitamins B;.

[LBP — LPS] + [CD14] 3 [LBP] + [CD14 — LPS) (1.2)
[CD14 — LPS) + [TLR4/MD2] % [CD14] + [TLR4/MD2 — LPS] (1.3)
K kg
[LBP],, + [B)——"—~[LBP — B, (1.4)
ks, k_s;
[LBP]. +[B] [LBP - B),, (1.5)
ke, k—o,
[CD14],, +[B]«———[CD14 - B}, (1.6)
K, k7
[cD14]. +[B]—""—[CD14 - B, (1.7)
kg, k_g.
[TLR4/MD2) + [B;) —-—"[TLR4/MD2 — B}] (1.8)
ko, ko,

[LBP — LPS],, +[B)] [LBP — LPS — B}, (1.9)

where [e] denotes concentration of given protein, vitamin, or formed
complex. Vitamin B mixture is composed of vitamins B;, By, Bs, Bs, Bg
and Bjy (Table 1). In equations from (1.1) to (1.9), the abbreviated
notation B; is used where i = 1, 2, 3, 5, 6, 12. Thus, equations (1.4) —
(1.9) stand for six separate equations for each vitamin B from mixture.
Notations “Ny,” and “Cy,” denotes whether B; vitamin is binding on N
terminal or C terminal on protein.

It is important to note that proteins LBP and CD14 act like a carrier to
transport LPS and that they are not forming inseparable complexes with
LPS or B; vitamins. Therefore, one can calculate current concentration of
these proteins as:

[LBP(1) =[LBP],, — [LBP — LPS|(1) = [LBP — By, (1) = [LBP — B, (1)
—[LBP —LPS — B, (1)
(1.10)

[CD14]|(r) =[CD14],,, — [CD14 — LPS](t) — [CD14 — B,»]Me'(t) .11
—[CD14 — B, (1) ’
where [e];,: denotes total amount of that protein and it is conserved.
These two equations replace ordinary differential equations for proteins
concentration of LBP and CD14.

Concentrations of LPS and B; vitamins are much higher than evalu-
ated protein concentrations. Therefore, the binding of LPS or vitamin B;
to proteins does not change their concentration significantly and one can
consider their concentrations to be constant at all time.

Based on equations (1.2) — (1.9), one can write ordinary differential
equations for concentrations:

W —k\[LBP|[LPS] — k_\[LBP — LPS] — ko[LBP — LPS][CD14]
+ ko[LBP —LPS — B, —> ko[LBP — LPS][B]
(1.12)
M — k[LBP — LPS|[CD14] — ks [CD14 — LPS|[TLR4/MD?2)
(1.13)
w =~ Is[CD14 — LPS|[TLR4/MD2| + Y "k s [TLR4/MD2 — B;]

— ks, [TLR4/MD2][B}]

(1.14)
w = ks[CD14 — LPS|[TLRA/MD?)] (1.15)
w = ky,[LBP|[B;] — k_4,[LBP — B, (1.16)
w — ks [LBP)[B] — k 5 [LBP — B}, 1.17)
d(cD14 - ;P S =Bl _ i (cD14)B) —k o[CD14 — B, 1.18)
d|cbi4 - SZP S =Bl _ y (cp14)B) — ko [CD14 — B (1.19)
dITLRA/MD2 = Bi] _ ) pa /o)) — ko [TLRA/MD2— B (1.20)

dt



M. Raki¢ et al.

d[LBP — LPS — B,
' =k[LBP ~ LPS|[B| ~ ks [LBP — LPS ~ B},

(1.21)

where equations (1.16) — (1.21) represent six equations, one for each
vitamin B;, i = 1, 2, 3, 5, 6, 12. Set of equations (1.10) — (1.21) describe
the model of LPS transmission from LBP to TLR4/MD2. However, con-
stants of proportionality of reaction rates are unknown. To avoid the
overfitting and make the model minimal, appropriate assumptions were
introduced. The first assumption was that reactions described with
equations (1.1), (1.2) and (1.3) are happening with comparable rates
(same order of magnitude). The second assumption is that binding rates
of vitamins B;, which are expressed through Gibbs binding energies [22],
have comparable constants and are depending solely on their Gibbs
binding energies. This is reasonable to assume because when one derives
the expression for the constants using the canonical ensemble [22], one
sees that the constants depend on the environment in which the particles
are. Thus, constants of proportionality of binding rates of vitamins B; can
be brought into relative connection through the difference in Gibbs
binding energies (calculated as described in section 2.3). By these as-
sumptions, model is reduced to minimal model with only 5 free pa-
rameters. Constants of association for equations (1.1) — (1.3): Kgz, Kg2
and K3, are obtained from the following references [23-28]. It should
be noted that, since all constants of association are found in corre-
sponding experimental ranges ((1.28)-(1.30)), during the model opti-
mization, randomized combination of K,;, Kq2 and Kg3 through their
entire ranges, with appropriate steps, have been performed. This
randomization of K,j, Kq2 and K3 values has been performed with the
aim to get insight into the robustness of the proposed model. Each
experimental range of K,;, Ky2 and K3 has been divided on 5000 in-
tervals and every possible interdependence between constants of asso-
ciation has been investigated during optimization. Finally, values of 5
free parameters are obtained by fitting the model on experimental data.
Constants in model are given by following expressions:

ks = 5800 (1.22)
ky =15 (1.23)
b =10 (1.24)
k
kg = f (1.25)
ks, = 300 (1.26)
a = 1000 (1.27)
K, =1410"—2.88e10° (1.28)
Kp=1e10°—5e10° (1.29)
K;s=71010"—33e10° (1.30)
TLR4/MD2]K,
ky = kzw (1.31)
[LBP]
K K. |[CD14][TLR4/MD?2
ky = k=2t | CDI4][TLR4/MD?] (1.32)
[LBP]
k
ko= ZI (1.33)
- |B;
ky, = ky, e *A%[ d (1.34)

! (B1]
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(B}]

S N 5] (1.35)
1
ks, = ky, €04 ~AGs (1.36)
ks, = k_4,e204 78G5 (1.37)
kﬁr = k4‘ 6AG4"7AG(" (1.38)
kg, = k_4,e"04 80 (1.39)
kg, = ky, €204 720 (1.40)
k,7( = k,4l€AG4"7AG7' (1.41)
B;
ks, = ks, e 2% [[B’]} (1.42)
1
k
kg =2 (1.43)
a
ko, = ks, (1.44)
koo =k_s, (1.45)

where j = 1, 2, 3, 5, 6, 12 and AGs are corresponding Gibbs binding
energies, given in Supplementary file (Tables S1-S5). The output of the
model is the concentration of complex when LPS is bound to TLR4/MD2,
noted as [TLR4/MD2-LPS]. The model did not go into details of further
transformation of TLR4/MD2-LPS complex to TNF-« and IL-6. Finally, it
is considered that the concentration of [TLR4/MD2-LPS] correlates with
the concentration of proinflammatory cytokines TNF-a and IL-6. For
calculations, the experimental data is recalculated to pmol/dm®,

2.5. Statistical analysis

Descriptive statistics were presented as mean values with standard
error (SE) or standard deviation (SD). Student t-test and one-way
ANOVA, followed by Fisher’s PLSD test were used to calculate differ-
ences between mean values. A value of p < 0.05 was considered to
indicate statistical significance. Statistical analysis was performed using
the SPSS software for Windows, version 20.0 (SPSS, Inc., Chicago, IL).

Table 2
The effects of VBC on functions of LPS-stimulated BV2 cells.
Control LPS VBC
c1 c2 c3
MTT (%)  100.00 78.37 + 98.94 + 101.94 + 101.10 +
+3.75 1.15% 1.76""" 3.85" 4.33"
NBT 1.00 + 1.48 + 1.20 + 0.90 + 0.79 +
(index)  0.05 0.05* 0.06""" 0.04™" 0.047""
NO (uM)  0.64 + 29.00 + 16.77 + 15.44 + 8.53 +
0.55 0.68" 0.33""" 0.50""" 0.81""
IL-6 (pg/ 19+ 255.6 + 143.8 + 95.6 + 40.6 +
mL) 0.095 6.17### 6.19""" 51" 3.4
TNF- 159.4 + 1539.4 + 1506.4 + 1312.4 + 1009.4 +
(pg/ 7.97 17.1%### 26.0"" 195" 16.8"""
mL)

Data are presented as mean + standard error (SE), from a representative
experiment of three independent experiments performed in quadruplicate for
MTT, NBT and NO assays. For IL-6 and TNF-a data are presented as concen-
tration (pg/mL) in pooled supernatants from a representative experiment of two
independent experiments performed in quadruplicate. C1, C2, and C3 of VBC are
presented in Table 1. #p < 0.05 vs. non-stimulated cells, **##p < 0.0001 vs. non-
stimulated cells; *p < 0.05 vs. LPS **p < 0.01 vs. LPS ****p < 0.0001 vs. LPS.
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3. Results

3.1. Invitro study of VBC anti-neuroinflammatory and neuroprotective
properties

3.1.1. The effects of VBC treatment on functions of activated BV2 cells

To determine if the VBC treatment can modulate the metabolic ac-
tivity of LPS-stimulated BV2 cells, MTT assay was performed. As pre-
sented in Table 2, the metabolic activity was reduced due to LPS
stimulation, in comparison to non-stimulated cells. However, all three
tested concentrations of VBC have shown a significant increase in the
metabolic activity of LPS-stimulated BV2 cells.

Furthermore, stimulation with LPS triggered the production of in-
flammatory molecules, including ROS, NO, and proinflammatory cyto-
kines (IL-6 and TNF-«) (Table 2) in relation to non-stimulated cells. The
results have shown that VBC treatment significantly diminished the
generation of all evaluated molecules by LPS-stimulated BV2 cells.

3.1.2. The effects of VBC treatment on phenotype of activated BV2 cells
To examine whether the anti-inflammatory effects of vitamin B

complex are related to the expression of specific phenotype markers, the

expression of surface and intracellular molecules in non-stimulated, LPS-
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stimulated BV2 cells and VBC-treated LPS-stimulated BV2 cells have
been compared by flow cytometry (Fig. 2). Argl is a key marker of M2
microglia cell involved in anti-inflammatory response [29], whereas
NRF-2 was recently demonstrated as critically involved in the regulation
of oxidative stress in neuroinflammation [30]. It can be noted that LPS,
expectedly, down-regulated Argl expression by BV2 cells, and upregu-
lated NRF-2 (Fig. 2b, c). Thereby, VBC did not modulate further
expression of Argl, but it has significantly increased the expression of
NRF2.

Furthermore, the expression of IL-4 and CD163 was significantly
increased in VBC-treated LPS-stimulated BV2 cells, when compared with
untreated LPS-stimulated BV2 cells (Fig. 3b). LPS upregulated CD11b
and CD86 expression by BV2 cells, as compared to non-stimulated BV2
cells. The additional VBC treatment further increased expression of
CD11b by LPS-BV2 cells, whereas CD86 expression displayed a reduc-
tion tendency (Fig. 3a, b). CXCR1 and CD11c expression were upregu-
lated by VBC treatment on LPS-stimulated BV2 cells, compared to
untreated LPS-stimulated BV2 cells. The obtained data also displayed
notable rise in the expression of ILT-3 and Ly6C of LPS-stimulated BV2
cells in comparison with control (non-stimulated BV2 cells), while the
expression of these molecules was markedly downregulated by VBC
treatment on LPS-stimulated BV2 cells (Fig. 3a, b). The obtained data
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Fig. 2. The characterization of VBC-treated LPS-stimulated BV2 cells. (a) Gating strategy - Cells were gated according to their specific side-scatter (SSC)/forward-
scatter (FSC) properties, after doublets exclusion according to forward scatter (FSC)-A/FSC-H properties. (b) The dot plots of the expression of Argl and NRF2 on non-
stimulated and VBC-treated cells in three different concentrations. (c) The effects of VBC on the production of Argl and NRF2 on non-stimulated and VBC-treated
LPS-stimulated cells, in three different concentrations. All cultures and measurements were done in quadruplicates from independent experiments, calculating the
mean =+ standard deviation (SD). The representative results are shown. *p < 0.05 compared with corresponding controls.
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Fig. 3. The effects of VBC on the expression of selected markers of LPS-stimulated BV2 cells. (a) The effects of VBC on the production of CD11b and ILT3 on non-
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production of CD163, IL-4, CD11b, CD86, ILT3, Ly6C, CXCR1, and CD11c on non-stimulated and VBC-treated LPS-stimulated cells, in three different concentrations,
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deviation (SD). The representative results are shown. *p < 0.05 compared with corresponding controls.
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Fig. 4. The effect of supernatants of VBC-treated LPS-stimulated BV2 cells on
SH-SY5Y viability. The effect of supernatants of VBC-treated LPS- stimulated
BV2 cells on metabolic activity of SH-SY5Y cells after 24 h. The results are
expressed as the mean + standard error (SE), from a representative experiment
of three independent experiments performed in quadruplicate. *#p < 0.01 LPS-
stimulated BV2 cells vs. non-stimulated cells. "p < 0.0001 VBC-treated LPS-
stimulated BV2 cells vs. LPS-stimulated BV2 cells.

suggest a potential role of VBC in modulation of phenotype profile of
LPS-stimulated BV2 cells.

3.1.3. The effect of supernatants of VBC-treated BV2 cells on neurons

The effect of supernatants of VBC-treated BV2 microglial cells on
viability of SH-SY5Y neuronal cells is demonstrated in Fig. 4. Following
the transfer, the percentage of SH-SY5Y metabolic activity has shown a
major increase compared to neurons treated with supernatants of LPS-
stimulated microglia (Fig. 4).

The metabolic activity of SH-SY5Y neurons treated with culture su-
pernatants from non-stimulated BV2 cells did not differ significantly
from the control cells treated only with the complete medium, whereas
the treatment with culture supernatants from LPS-stimulated BV2 cells
resulted in a significantly reduced neuronal viability 24 h after super-
natant transfer. However, treatment with culture supernatants of VBC-
treated LPS-stimulated BV2 cells eliminated the neurotoxic effects and
increased the metabolic activity of neurons (Fig. 4). These results sug-
gest that VBC inhibited the production of soluble molecules by LPS-
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stimulated microglia cells that induce neuronal death. In this way, the
VBC inhibits neurodegeneration induced by neuroinflammation. Alto-
gether, these results make VBC a potential neuroprotective agent.

3.2. Molecular docking

Molecular docking study was performed to reveal the binding af-
finity of the vitamins of B complex (B1, By, B3, Bs, Bg, and B;3) toward
key proteins of LPS-induced inflammatory pathway (LBP, CD14, and
TLR4/MD?2), as well as iNOS. Binding energy values, inhibition con-
stants, and interactions between amino acid residues of all vitamins
from the complex and binding sites on proteins of interest are presented
in Table S1 and S2 (for LBP), Table S3 and S4 (for CD14), Table S5 (for
TLR4/MD2), and Table S6 (for iNOS). According to the docking calcu-
lations, investigated vitamins from the VBC revealed promising binding
potential toward proteins of TLR4 signalling pathway.
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3.2.1. Validation of the docking protocol

The validations of the docking procedures were performed by
docking co-crystallized ligands to their native receptors and calculating
RMSD values between the crystallographic and docked conformations.
The RMSD values were found to be 1.56 A for LBP, 2.35 A for TLR4/
MD2, and 1.26 A for iNOS, indicating high efficiency as well as validity
of the docking protocol used in the study. Regarding CD14 protein,
validation of the docking protocol could not be performed due to the
lack of crystal structure with co-crystallized ligand.

3.2.2. Vitamin B complex docking to TLR4/MD?2 signalling pathway
proteins

In terms of molecular docking analysis for LBP protein, vitamins By,
By, and Bs have exhibited the best inhibition potential for N-terminal
domain, when compared to the rest of the vitamins from the complex
(Table S1). Regarding N-terminal domain, the estimated free binding
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Fig. 5. Interactions of selected B vitamins with C- and N-terminal of LBP. (a) The best docking poses, interacting residues, and 2D intermolecular interactions of
vitamin Bs with N-terminal domain of LBP. (b) The best docking poses, interacting residues, and intermolecular interactions of vitamin B; with C-terminal domain

of LBP.
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energies for By, By, and Bs were similar, with corresponding values of
—5.11 kecal/mol, —5.17 kcal/mol, and —5.19 kcal/mol, respectively, and
inhibition constants of 178.23 pM, 162.31 pM, and 157.93 pM, respec-
tively. Vitamins By, By, and Bs have shown interactions with key resi-
dues involved in LPS binding site (Arg119, Lys120, and Lys124) [31], as
well as hydrogen bonds and hydrophobic interactions with other amino
acid residues in comparison with other vitamins (Table S1). As shown
(Table S1), vitamin B; demonstrated interactions with Ser63, Tyr76, and
Leul25 residues (conventional hydrogen bonds), with Argl19 and
Lys124 residues through hydrophobic interactions (alkyl and Pi-alkyl),
and Pi-Cation interaction with Lys117 residue. The By vitamin formed
conventional hydrogen bonds with Arg73, Arg119, and Lys120 residue,
carbon hydrogen bonds with Gly72, Argl119, and Lys120 residues, hy-
drophobic interactions (alkyl and Pi-alkyl) with Arg73, and Pi-Cation
and Pi-Anion interactions with Asp65 and Arg73. The vitamin Bg
demonstrated the highest binding affinity through conventional
hydrogen bonds with Trp116, Lys124, Leul25, and Gly127, as well as
hydrophobic interactions (alkyl and Pi-alkyl) with His79 and Lys115
(Fig. 5a).

In addition, the docking analysis was performed on the C-terminal
domain of LBP, which has been shown to be involved in LPS transfer as
well [32]. Regarding C-terminal domain, vitamins By, By, and Bg have
shown the best binding affinity, with corresponding values of —5.54
kcal/mol, —4.78 kcal/mol, and —4.65 kcal/mol, respectively, and in-
hibition constants 86.28 pM, 314.07 pM, and 388.13 uM, respectively,

a
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similar to those observed for N-terminal domain. Both B1 and B2 vita-
mins demonstrated interactions with key residues for LPS transfer
(Lys319 and Arg322) through conventional hydrogen bonds (Table S2).
The vitamin B; demonstrated the best docking capacity through hy-
drophobic interactions (alkyl and Pi-alkyl) with Pro323, Phe321,
Phe324, Phe427, and Ile314, as well as through Pi-Sigma interaction
with Ala320 and conventional hydrogen bonds with Gly313 and Arg315
(Fig. 5b). As shown (Table S2), vitamin B2 also demonstrated alkyl, Pi-
alkyl, and Pi-Sigma interactions with Arg315, Ala320, Pro323, Leu423,
Phe324, Phe427 residues, as well as conventional hydrogen bonds with
Arg315 and Ala320 residues. Regarding vitamin Bg, no interactions were
observed with the key residues, however number of interactions (alkyl,
Pi-alkyl, and Pi-Sigma) were detected with other amino acid residues,
including Phe321, Phe427, Phe324, Ile314, Ala320, Arg315, and
Gly313.

For the CD14 protein, vitamin By has shown the best docking ca-
pacity for N-terminal domain, with corresponding binding energy of
—9.55 kcal/mol. The primary interactions between the vitamin By, and
binding site of CD14 protein (N-terminal region, residues 20-171) [33]
involved conventional and carbon hydrogen bonds with Arg51, Thr54,
Ala56, and Ile84 residues, while Phe28, Phe61, Ala27, Ala88, Leu58,
Leu45, Leu48, and Trp24 residues were included in hydrophobic (alkyl,
Pi-alkyl, Pi-sigma) interactions (Fig. 6a). In addition, vitamin B; also
demonstrated relatively high binding affinity regarding other vitamins
from complex (Table S3), with estimated binding energy of —5.88 kcal/

vitamin B12

—\Asp53 ala56
8
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Ala27

=fRhe28

AG = -9.55 kcal/mol

vitamin B12
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Fig. 6. Interactions of By vitamin with CD14 and TLR4/MD2. (a) The best docking poses, interacting residues, and intermolecular interactions of vitamin B;5 with
CD14. (b) The best docking poses, interacting residues, and intermolecular interactions of vitamin B;, with TLR4/MD2.



M. Raki¢ et al.

mol. As presented (Table S3), CD14 binding site residues Ser69, Leu70,
Ala33, Ala27, and Cys30 formed hydrogen bonds (conventional and
carbon hydrogen), while Phe28, Val36, Leu68, Ile64, Ile65, and Phe61
residues were involved in hydrophobic (alkyl, Pi-Pi T-shaped, and Pi-
alkyl) interactions with vitamin B;. Besides lower free binding energy
obtained for Bjs, inhibition constant, Ki (Table S3), was also signifi-
cantly lower (0.01 pM), than one estimated for B; vitamin (48.67 pM),
which indicate a far better inhibition capacity of B vitamin. Among
other B vitamins from the complex, vitamin Bg has also shown relatively
good binding affinity (-4.49 kcal/mol), although with higher inhibition
constant of 507.83 pM (Table S3).

Furthermore, docking analysis was performed on C-terminal domain
of CD14 protein, as it is also described as LPS binding site [32]. Overall,
the docking results were similar for those observed for N-terminal re-
gion, except for vitamin B;5, which exhibited the lowest binding affinity
for C-terminal domain of CD14 protein. The best docking capacity for C-
terminal domain was shown for vitamin Bg, with corresponding binding
energy of —6.52 kcal/mol. The main interactions between the vitamin
Bg and CD14 protein involved Ala243, Lys270, Pro269, Ala244, Arg241,
and Ser217 amino acid residues, however no interactions with key
residues of the C-terminal (Asp 234 and Asp280 [32]) were detected
(Table S4.). In addition, vitamins By, By, and B3 demonstrated relatively
similar binding affinity with estimated binding energies of —5.00 kcal/
mol, —4.49 kcal/mol, and —5.18 kcal/mol, respectively (Table S4). As
presented (Table S4), only vitamins B, and Bs exhibited interactions
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with one of the key residues (Asp280) for the LPS transfer, however the
observed binding affinity was higher for the vitamin B,. Although vi-
tamins did not show a suitable number of interactions with the key
residues, a plenty of interactions (conventional hydrogen bonds, carbon
hydrogen bonds, and Pi-alkyl interactions) were detected with other
amino acid residues of the binding site (Table S4), suggesting a potential
role of VBC in hindering the LPS transfer.

The data observed for the TLR4/MD2 protein once again have shown
that vitamins By, By, and B, displayed the best docking scores through
hydrogen (conventional hydrogen and carbon hydrogen) bonds, hy-
drophobic (alkyl, Pi-alkyl, Pi-sigma, and Pi-Pi-stacked), Pi-Sulfur, as
well as van der Waals interactions. The lowest free binding energy was
revealed for vitamin By, (-7.84 kcal/mol), followed by —6.19 kcal/mol
for B1, and —5.91 kcal/mol for By vitamin (Table S5). The vitamin Bqo
formed the highest number of conventional hydrogen bonds with the
main residues of the active site of TLR4/MD2 (A:Lys263, C:Glul22, B:
Arg434, and C:lle124), as well as with the residues out of the binding
site, including Gly123, Prol18, and Leu94, and Met358 (Fig. 6b).
Further, vitamin B; showed interactions within the active site (C:
Tyr131, B:Phe438, B:Arg434, and C:Ile124), and also out of the LPS
binding site (Arg90, Glu437, and Leu87). Finally, vitamin B, also was
involved in interactions with the residues of the binding site (A:Lys263,
C:Ser120, C:Phel19, C:Val61, C:Leu94, and C:Ile117), as well as with
the residues outside the LPS binding site including Tyr102, Pro118, and
Phel04 (Table S5). The acquired docking scores suggest that vitamin B
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Fig. 7. Interactions of selected B vitamins with iNOS. (A) The best docking poses, interacting residues, and 2D intermolecular interactions of vitamin B; with iNOS.
(B) The best docking poses, interacting residues, and 2D intermolecular interactions of vitamin B, with iNOS.
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exhibited the best potential in inhibiting the TLR4/MD2 protein, with
the inhibition constant notably lower (1.79 pM), in relation to those
obtained for vitamins B; and B, (28.78 pM and 46.24 pM, respectively)
(Table S5).

The molecular docking study for the iNOS protein indicated vitamins
B; and By as the most potent agents in binding the active site of an
enzyme, with binding energies of —7.06 kcal/mol and —8.47 kcal/mol,
respectively (Fig. 7). Although both vitamins exhibited similar values for
free binding energy, Ki for vitamin B, was significantly lower (0.61 pM)
than one for the vitamin B; (6.68 pM), suggesting a much higher affinity
rate for the vitamin Bj. As presented (Table S6), both vitamins showed
interactions with the main residues of the iNOS active site including
Gln257, Tyr341, Trp366, Tyr367, and Glu371, as well as with the resi-
dues out of the binding site. Namely, vitamin B; mainly formed in-
teractions through conventional hydrogen bonds (Glu371 and Asn364),
carbon hydrogen bonds (Tyr367), Pi-Sulfur (Phe363), hydrophobic Pi-
Pi-stacked (Trp188 and Phe363), alkyl (Cys194, 1le238, and Leu203),
Pi-alkyl (Phe363, Tyr483, and Leu203) (Fig. 7). In addition, vitamin By
displayed interactions through conventional hydrogen bonds, electro-
static Pi-Cation (Trp366), hydrophobic Pi-Sigma (Cys194 and Trp188),
Pi-Pi-stacked (Trp188 and Phe363), alkyl (Ile238 and Leu203) and Pi-
alkyl interactions (Trp188, Phe363, Tyr483, Alal91, and Cys194)
(Fig. 7). Furthermore, vitamin B¢ and B;5 have also demonstrated good
binding affinities of —5.21 kcal/mol and —5.78 kcal/mol, respectively
(Table S6).
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Fig. 8. Experimental data and theoretical prediction of TNF-a (a) and IL-6 (b)
concentration depending on the VBC concentrations (C1, C2, and C3) used for
treatment of LPS-stimulated BV2 cells. Experimental data for TNF-a and IL-6 are
presented as concentration (umol/dm®) of pooled supernatants from a repre-
sentative experiment of two independent experiments performed in
quadruplicate.
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3.3. Dynamical modeling

Finally, the dynamical model of LPS binding to TLR4 signalling
pathway proteins and corresponding inhibitions by VBC have been
constructed (Section 2.4, Fig. 1). The excellent agreement of calculated
data with experimental measurements for both proinflammatory cyto-
kines TNF-o (Fig. 8a) and IL-6 (Fig. 8b) have been observed, when
appropriate initial conditions are applied. Calculated adjR? = 0.9715
and 0.9909 as well as Pearson coefficient = 0.9892 and 0.9970 for TNF-«
and IL-6, respectively, quantify the excellent agreement of the calcu-
lated theoretical model (Section 2.4.) with the corresponding experi-
mental data (Section 3.1.1, Table 2). Importantly, the model is robust to
the changes of association constants (1.28) — (1.30) in their given ranges.
Also, the model confirmed initial assumptions and showed that revers-
ible reactions for bindings of vitamins B; to proteins, i.e. decompositions
of protein-vitamin complex, are slower than processes of bindings.

4. Discussion

The microglia represent cells of the innate immune system which
exhibit both neurotoxic and neuroprotective functions [34]. It is noted
that uncontrolled microglial activation contributes to the pathophysi-
ology of several neurodegenerative diseases, including MS [35].
Namely, it has been shown that oxidative damage of neurons is induced
by activated microglia, which release inflammatory molecules, such as
ROS and NO [3]. A number of studies have revealed that microglia-
neuron interactions are fundamental for the modulation of neuronal
function, as well as for the appropriate neurodevelopment [36,37].
Besides the excessive microglial activation, one of the main hallmarks of
different neurological diseases is also the blood-brain barrier (BBB)
disruption, accompanied by enhanced vascular permeability [38].
Although the exact mechanisms leading to BBB disruption are not fully
understood, it was demonstrated that proinflammatory cytokines
directly modulate BBB, which further contributes to the passage of in-
flammatory molecules and prolonged inflammation [38]. As there is a
dynamic cross-talk between the CNS, the BBB and the immune system,
control of these processes may be crucial in maintaining the BBB
integrity and therefore preventing further spread of inflammation [39].
It was revealed that treatment with vitamins B1o, Bg, and/or Bg combi-
nation in patients with cognitive impairment, resulted in improved BBB
function and reduced serum homocysteine (a neurotoxic metabolite)
levels [40]. In addition, one study on the EAE model displayed that
treatment with a combination of IFN-p and vitamin B;3, improved
clinical signs and reduced demyelination [41]. Several studies indicated
the beneficial role of B vitamins as anti-inflammatory agents and their
potential use in preventing different inflammation-induced pathological
conditions. A close relationship between B vitamins and cytokine
regulation was described in conditions such as depression, where it was
noted that supplementation of B vitamins has the potential to modulate
proinflammatory response, resulting in decreased symptoms of depres-
sion [42]. In addition, anti-inflammatory and antinociceptive effects of
B vitamins have also been outlined. Namely, vitamin B2, as well as the
combination of vitamins, including B;, Bg, and Bjs, have exhibited
antinociceptive/anti-inflammatory effects in different experimental
models [43,44]. Although the importance of B vitamins for adequate
functioning of the nervous system is well established, there is not much
data on treatments that include more than three B vitamins in combi-
nation. Therefore, the aim of this study was directed toward elucidating
the potential benefits of simultaneous application of several B vitamins
and their synergism rather than focusing exclusively on the individual
effect or combination of up to three vitamins.

In the presented study, VBC treatment significantly reduced the
levels of the ROS, NO, TNF-a, and IL-6 produced by LPS-stimulated BV2
cells. These results are in line with published data [45], where it was
demonstrated that benfotiamine (a synthetic vitamin B;, thiamine)
significantly decreased the production of proinflammatory mediators
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such as NO, TNF-a, and IL-6 by LPS-stimulated BV2 microglia. In addi-
tion, VBC treatment reduced the neurotoxic effects of activated micro-
glia and increased the metabolic activity of neurons, which imply a
possible role of VBC in modulating microglial activation, thereby
maintaining neuronal functioning. Further, the expression of specific
markers was evaluated to examine whether the above mentioned anti-
inflammatory effects of VBC are associated with changes in microglia
phenotype profile. Recently, there has been a debate whether M1/M2
microglia distinction conceptual framework is too simplified, as micro-
glia function is reflected as a complex, context-dependent dynamic
expression of numerous markers [46]. However, microglia phenotype
characterization can provide an additional explanation regarding the
microglia activation state, as well as its impact on the regulation of in-
flammatory response. The obtained data demonstrated a potential role
of VBC in upregulating the expression of IL-4 and CD163, which are
described to exert anti-inflammatory properties [47,48]. These mole-
cules are involved in the resolution of inflammation by regulating M1/
M2 polarization toward M2 phenotype that may be in correlation with
the anti-inflammatory effects of VBC expressed by a decrease in NO,
ROS, TNF-q, and IL-6 levels in LPS-stimulated microglia. Additionally,
anti-inflammatory effects of VBC treatment were also confirmed by
downregulated expression of ILT-3 and Ly6c as proinflammatory mol-
ecules. ILT-3, also known as Lilrb4, has shown to be an excellent marker
of microglia activation processes, but it remained unclear what is the
function of this molecule taking into account its different expression in
vivo and in primary cell cultures [49]. Ly6bc+ monocytes were also
demonstrated as a critical subset of inflammatory cells recruited to the
CNS during inflammation [50,51]. Furthermore, the LPS stimulation of
BV2 cells demonstrated a decrease in the expression of CD11c, while an
increase was observed following the VBC treatment. Although not fully
understood, several studies suggest that CD11lc+ microglia play an
important role in neuroinflammatory processes in CNS [52,53]. It was
observed that reduction in CD11c+ microglia was associated with EAE
progression in mice, suggesting a potential neuroprotective function of
these cells, which needs to be further investigated [52]. Moreover, the
expression of NRF2 protein has shown to be upregulated following the
VBC treatment of LPS-stimulated BV2 cells. NRF2 is known to have a
crucial role in the antioxidant response, thereby maintaining the redox
homeostasis [54]. Recent studies indicated an important role of NRF-2
in resolution of oxidative stress and neuroinflammation in EAE and
MS, as well as other neurodegenerative diseases characterized by
chronic inflammation [30]. Thereby, NRF2 displays neuroprotective
effects in a mouse model of Parkinson’s disease [55], since NRF2 KO
mice develop more severe neuronal damage upon oxidative stress.
Therefore, upregulation of the NRF-2-mediated antioxidant response by
VBC treatment may explain the observed lower production of proin-
flammatory mediators, especially ROS, upon VBC treatment. Overall,
the results of in vitro analysis indicate a role of VBC treatment in
modulating the phenotype of LPS-stimulated BV2 cells that is accom-
panied by reduced production of proinflammatory mediators.

To elucidate the potential of VBC to modulate/inhibit inflammatory
TLR4 signalling pathway, molecular docking was performed. Activation
of LPS/TLR4 signalling pathway is mediated by several proteins,
including LBP, a soluble protein which directly binds LPS and transfers it
to the CD14 co-receptor that further traffics LPS to the TLR4/MD2 re-
ceptor complex, expressed on the surface of microglial cells [56]. After
TLR4/MD2 activation, the MyD88-dependent and the MyD88-
independent pathways are induced, leading to the production of
proinflammatory cytokines including IL-6, TNF-a, and NO [57]. In
addition, the ability of VBC to directly inhibit iNOS was also examined.
As iNOS represents the major enzyme for the production of proin-
flammatory NO molecule, its suppression may lead to a reduction/
attenuation of inflammation processes [57]. It is well known that
excessive TLR4 pathway activation is closely associated with the pro-
gression of several neurodegenerative disorders including Parkinson’s
disease (PD), Alzheimer’s disease (AD), amyotrophic lateral sclerosis
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(ALS), as well as MS [58]. Hence, targeting proteins that mediate TLR4
signalling pathway can serve as a possible therapeutic strategy for
reducing neuroinflammation. In the present study, after the compre-
hensive docking investigation of each VBC component toward TLR4
signalling pathway proteins, it was observed that vitamins By, By, and
Bj, expressed the highest docking capacity for investigated proteins, in
relation to the other investigated B vitamins from the VBC. Specifically,
vitamin B;5 has shown a remarkable binding affinity for CD14 receptor,
which makes it a potential candidate for inhibition of LPS transport and
prevention of subsequent TLR4 activation. Although no significant
docking capacities of vitamins were observed for key residues of C-ter-
minal domain of CD14 protein, the molecular docking simulations
showed that vitamin B;3 accommodates in N-terminal region of CD14
through number of interactions with key residues that serve as the
binding site for LPS (Fig. 6). The highly complex structure of vitamin
B2, consisting of a corrin ring and cobalt as a central metal ion, enables
the formation of plenty of interactions which are involved in stabiliza-
tion of this vitamin inside the pocket. Several studies indicated that
targeting CD14 protein, as well as other proteins within the TLR4 sig-
nalling cascade may provide a new therapeutic perspective for reducing
neuroinflammation processes [57,59]. Moreover, vitamin Bi, also
exhibited a good binding affinity for TLR4/MD2 protein. These in-
teractions mainly included consistent conventional hydrogen bonds, as
well as numerous hydrophobic interactions within the active site of
protein (Fig. 6b) making it a good agent for preventing inflammatory
cascade pathways. It has to be noted that generally the lower binding
affinity of the Bs, Bs and Be toward TLR4 signalling proteins cannot be
fully neglected since the ligand—protein interaction is a dynamic process.
These competitive binding between VBC components and LPS with
TLR4 signalling proteins have been investigated in the final part of this
investigation — dynamical modeling.

Furthermore, vitamins B; and B, demonstrated a good capacity of
binding to all investigated proteins, although the best docking scores
were observed for iNOS protein (Fig. 7). Both vitamins B; and B,
demonstrated a high rate of binding to the key residues of the iNOS
active site, through interactions with Glu371, Tyr367, and Trp366. Both
vitamin B; and By contain bicyclic and tricyclic heterocycles in their
structures, which probably allow more interactions with protein active
site. As increased level of NO is associated with the progression of
neurodegenerative diseases, targeting iNOS protein also represents a
promising therapeutic approach [60]. In addition, good binding affin-
ities toward LBP were observed for vitamins B; and Bs (for both N- and
C-terminal domain), although these energies were generally lower when
compared with data of other investigated proteins.

Although molecular docking data cannot predict whether the com-
pound exhibit agonistic or antagonistic activity, a possible anti-
inflammatory effect of VBC was confirmed in this study by in vitro as-
says. As expected, structurally diverse vitamins demonstrated diverse
binding affinities for different TLR4 pathway proteins which may sug-
gest a potential synergistic effect of selected compounds which needs to
be deeply investigated. Thus, the final aim of this investigation was the
construction of dynamical model which could describe the inhibitory
potential of VBC toward TLR4 signalling pathway proteins activated by
LPS. Since the model has been successfully constructed and calculated
data exhibited an excellent agreement with experimental data (Fig. 8), a
deeper insight into the involvement of each VBC component on the VBC
inhibitory potential can be provided. Moreover, it can be suggested that
proposed model can be additionally used for optimization of novel VBC
formulations as well as investigation of inhibitory potential of new pu-
tative inhibitors.

As inflammation is the main underlying process characteristic for
different neurodegenerative diseases, identification of novel compounds
that are good candidates for downregulation of inflammatory pathways
and subsequent production of proinflammatory mediators is of great
importance. In accordance with all presented results in this study, we
can conclude that VBC expresses prominent neuroprotective properties
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and its therapeutic potential is promising. Most importantly, the ob-
tained data emphasize the significance of mutual effects of B vitamins
and their possible implementation as an adjuvant therapy for diverse
neuroinflammatory conditions in humans, which requires further clin-
ical investigation.

5. Conclusion

VBC treatment has shown significant potential in increasing meta-
bolic activity of microglia, as well as in reducing the ROS, NO, and
proinflammatory cytokines (IL-6 and TNF-a) production by LPS-
stimulated microglia. In addition, VBC treatment reduced the neuro-
toxic effects of activated microglia and increased the metabolic activity
of neurons. As demonstrated by molecular docking, different B vitamins
(B1, By, Bs, Bs, Bg, and B;3) have the potential to inhibit proteins within
the LPS-induced BV2 inflammatory pathways, mediated by LBP, CD14,
TLR4/MD?2, as well as iNOS as a significant marker of microglial acti-
vation. Moreover, the dynamical model which simulates the inhibitory
effects of VBC to TLR4 signalling pathway proteins activated by LPS has
been constructed and excellent agreement with experimental data has
been observed. Altogether, obtained data provide deeper insight into the
involvement of the inhibitory potential of each VBC component toward
TLR4 signalling pathway, and enable optimization of novel VBC com-
binations/formulations as well as the inhibitory potential of new puta-
tive inhibitors. Based on the results of in vitro and in silico analyses, it can
be concluded that B vitamins can exhibit a prominent synergistic effect
and have the potential to be used as an additional therapy in reducing
neuroinflammation and subsequent neurodegeneration.
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