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Br ak r-wnowagi wytwaraamem dreaktywnych form tlenu
(RFT)azdol noSci ami antyoksydacyj nymi organ
oksydacyjny [1]. Proces ten jest nierozerwalnie zv
na tworzeniu kowalentnych wiNza® mindzy g
ami nowy miPobwsataeikNce zasady Schiffa aNebpaj N
przekszdagpepeoidukt [2)wW Peakejatiopolimeryzacii, polikondensaciji
oraz polisieciowania produkty Amadori daj N
( AGE) . Zwi Nz ki te charakteryzuj N sifn ba
AGEgGNczN sifn ze specyficznymi r ecnp.pRAGH a mi
receptor dla koE&owych pr od Bk to stymulujea szlaka n s o
sygnalizacyjny NF kappa B (NF-e Bj Ndr owy czynni kkappar B).ns k r
Nadekspresjia NF-e B s kut kuj e nie tylko nadmi er nN
iczynni k-w wzr oBT{4li, Palng etwaklUeg IR kacj a i ut |
Sci fbwi Nzane czinsto okreSla sifi je gNczn
nasilona glikooksydacja ma ni e dikarbokylowep od g
glioksal (GO) i metyloglioksal (MGO) or az AGE pochodzN
zwysokoprzetworzonych pl[blStidldt twkspgdgaUgpweay a

gl i klnicgNek w obszarze chor-b cywilizacyjny
Ue FIRoraz AGE zmi eni aj N strukturn i funkcjonow
prowadzi d@mautsezrkicadjzue genet yc z 6k Gocickawea z a
nadmi er ne utl eniani e i gli kacj a bi agek
wpatogenezi e schorze® cywilizacyjnych, p
neurodegeneracyjnych i aut oi mmunol ogi czny.

pokarmowego oraz alergii[7]. U os-b 2z zapal eni enr -UwngiNedk

zaobser wowano nasilonN per oksydaptzewodu | i p
pokarmowego. Stan ten prowadzi do uwal niania w
kom-r ek, takich jak enzymy | izosomal]l8]e, C
Produkty glikacji promuj N natomi ast uszko

powoduj Nc degradacjfin skgadni k-w bJony po:t
DNA. Przeciwdziagal temu moUe zwifdkszenie
antyglikacyjrnpca@aUOwobloigBldhkiue tFE[Blpa produkc]



Al ergia jest jednN z najcznSciej [IONysSt i
Wedgug badaEE Europej skie]j Akademi . Al e
(EAAClH),w2 020 r . okogo 30% Eur omédjeacmgy k- -w Smiaa
Oew2025 r. juU ponad 50% populacji e[tljope]
UpodgoUa reakcj.i alergicznychzall elMe gg wwnw
kt-rych dochodzi do nadprodukcj i medi at o
eikozanoidy, prostaglandyny, leukotrieny oraz wolne rodniki tlenowe [12]. Histamina
(4-imidazolo-2-etyloamina) poprzez swoje wielokierunkowe dzi agani
i mmunomodul acyj ne wpgywa na funkcjn | euk
adhezyjnych, co prowadzi do zwi nkszeni e
np.: interleukiny 6 (IL-6) [13] i interleukiny 8 (IL-8) [14] oraz RFT [15]. Wykazano,
UORFTodgrywaj N kluczowN rolfi w rozwoju al
translokacjn jNdrowego caBnuadioka Ndr an 6, my p ¢
co ugat wi a dostnp do region-w promotoro
orazczynni k- w M7.r dAswiarunkach  tych  obserwujemy  wzrost
wewnNtrzkom-rkoweXyor a2z hndasi & oirtialnianjenprzezz fi
mastocty, l i mfocyty Th2, bazofil e i kom-r
takich jak interleukina 3 (IL-3), interleukina 4 (IL-4), interleukina 5 (IL-5), interleukina
10 (IL-10), interleukina 13 (IL-13) oraz czynni ka st ymul uj Ncego
granul ocyt - -w i -QSFk [18].f a V- wy @ G K u ich dzi act
alergiczny proces zapalny orafl9zwTadlkb8aygli

bi agek prowadzi do wzrostu reaktywnoSci
reakcji alergicznej [20]. Wy kaz an o, Ue AGE wpgywaj N n a
prezentuj Ncych PRHtywemz¢APEs)noSci na ko
(DCs) i makrofagi . AGE zaburzaj N tekspozygichp o wi
alergen,copr zyczynia sin do zwinkszonej produk
iczynni k-w wzrostu, prowadzNc[221.o nasil eni a
W Jleczeniu chor - b uk gadu pokar mowego

antyhistaminowe H2, natomiast w leczeniu alergii 7 leki antyhistaminowe H1. Leki
antyhistaminowe H1 to odwrotne agonisty receptora histaminowego H1. Leki te
przygNczdjydh siafmym mi ejscu receptora co h
odwrotnyi hamug kNt ywacj n [28lec2@twz@gl ndu na r - Une
receptora HLorazf ar makokinetykn | eki te dzielimy

generacji (Tab. 1) [24]. Leki Igener acj i ni e dziagaj N (A

2



hi staminowe . Oddziaguj N takUe na recept
adrenergiczne i serotoninowe [25]. Ponadt o, I e ki I gener ac|]
krewim- zg, co wiNOenwmin d&zi aganil[asni Proide pkoNJtK
budowy chemicznej dzielimy je na pochodne: etanoloaminy (difenhydramina),
etylenodiaminy (antazolina), fenotiazyny (prometazyna), t r - j c y koipdarydynyn e |
(ketotifen), propanoloaminy (klemastyna), propyloaminy (feniramina) [27]. Leki
lgener acj i natomiasawylhiN- rcze dziaganie na rec
wi NOe sifi ze zmniejszonym wyst n[psh Renadioe m d
cechujN sifn duUN mwodguezcmaljryoS pioNvi wmze wa c t
orazp o s i ajdaadebfhonowy, co warunkuje ich utrudn
krewim- z[89. Brak penetracji do oSr odKkojedeago ul
i 0O leki 11 generacji nie [BO kazmniNe|dzziagda n
produkcjin wydzielinyozzeareparsizee zma an\BE, ic
i zaczerwienienie, at ak Ue ogr anikchaee [Bwi NRlodi kNt em b
chemicznej kl asyfi kowane sN jako pochodr
kwasowe (cetyryzyna, lewocetyryzyna) , pochodne piperydyny z
kwasowe (bilastyna, feksofenadyna) oraz pochodnep i perydyny zawi er a
t r - j cy Kdslorataryma loratadyna) [27].
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Tabel a 1. Kl asyfikacja |l ek-w antyhiste
Leki antyhistaminowe H1 | generacji

Grupa Nazwa leku Nazwa chemiczna |[|Wz - r chemiczny

chemiczna

Pochodne Difenhydramina | 2-benzhydryloksy- HiCx_ /_,-:H-.

etanoloaminy

N,N-
dimetyloetanoamin
a

h

o

benzo[1,2]cyklohep
ta[3,4-b]-tiofen-4-on

Pochodne Antazolina N-benzylo-N-(4,5-

etylenodiaminy dihydro-1H- ,J |||
imidazol-2- HM N
ilometylo)anilina j/

lq

Pochodne Prometazyna N,N-dimetylo-1-

fenotiazyny fenotiazyno-10-
ylopropano-2-
amina

Pochodne Ketotifen 10-(1-

piperydyny metylopiperydyn-4-

tr-jcykl ylideno)-5H-




Pochodne Klemastyna (2R)-2-[2-[(1R)-1-
propanoloaminy (4-chlorofenylo)-1-
fenyloetoksy]etylo]- )
1-metylopirolidyna “\
CH,
H-C il o
C
Pochodne Feniramina N,N-dimetylo-3-
propyloaminy fenylo-3-pirydyn-2- =
ylopropano-1- |
amina = N

(4-chlorofenylo)-
fenylometylo]pipera
zyn-1-
ylletoksy]octowy

CH,
N
Leki antyhistaminowe H1 Il generacji
Grupa Nazwa leku Nazwa chemiczna |Wz - r chemi czny
chemiczna
Pochodne Cetyryzyna kwas 2-[-[4-[(4-
piperazyny chlorofenylo)- T
Zzawi er aj fenylometylo]pipera
struktury zyn-1-
kwasowe ylletoksy]octowy
Lewocetyryzyna | kwas 2-[2-[4-[(R)- T

s




Pochodne Bilastyna kwas 2-[4-[2-[4-[1-

piperydyny (2-

zawieraj etoksyetylo)benzimi

struktury dazol-2- ‘{'

kwasowe ilo]piperydyn-1- -
ylo]etylo]fenylo]-2- .r\’
metylopropionowy .

Feksofenadyna | Kwas 2-[4-[1-

hydroksy-4-[4-
[hydroksy(difenylo)
metylo]piperydyn-1-
ylo]butylo]fenylo]-2-
metylopropanowy

Pochodne Desloratadyna | 8-chloro-11-

piperydyny piperydyn-4-

Zawieraj ylideno-5,6-

struktury dihydrobenzo[1,2]c

tr-jcykl yklohepta(2,4-
b]pirydyna

Loratadyna

4-(8-chloro-5,6-
dihydrobenzol[1,2]-
cykloheptal[2,4-
b]pirydyn-11-
ylideno)-
piperydyno-1-
karboksylan etylu

N M




Leki antyhistaminowe H2

Grupa
chemiczna

Nazwa leku

Nazwa chemiczna

Wz.-r chemiczny

Pochodna
furanu

Ranitydyna

(E)-1-N §-[[5-
[(dimetyloamino)me
tylo]furan-2-
ylolmetylosulfanylo]
etylo]-1-N-metylo-
2-nitroeteno-1,1-
diamina

N ~
/Nj\ jo) HN

LN =
;i_-;\/ \/\H

NO,

Pochodna
imidazolu

Cymetydyna

(1-cyjano-2-
metylo3-[2-[(5-
metylo-1H-
imidazol-4-ilo)-
metylosulfanylo]etyl
oJguanidyna)

!

H
N J HN™
H

,_:N l\ll
CN

Pochodna
tiazolu

Famotydyna

(3-[I[2-
[(diaminometyleno)
aminoltiazol-4-
ylo]metylo]sulfanylo
J-N-
sulfamoilopropanoi
midoamid)

NH, O

Leki

przeci whi st ami

dziagani a i

stosowane w

niespecyficznego kaszlu, ost r ego

ipol i p- w[33n3d]s a a

znal azgy
gagodzeni u

takUe

przeci whistami nowe ||

uwal

ni ani e

medi at or -

zapal eni a

nowe H1 maj N

ucha

I nfekcji g -

SzZzer S/Z?

zastosowBH.i eSNie- wny

rnyec
Srodk

j ak o[36].l Wkk azmanennle

generacij i

w reakcj p- T nad

Vi yhkaanzuwjj NN

jer gf a

np. histaminy, tryptazy, leukotrienu C4 (LTC4), prostaglandyny 2 (PGD2), IL-6, IL-8,
IL-3, GM-CSF, TNF-U,
mi ndzykoenmo k e/kmdhgzyjnej (ICAM-1), ligandu chemokiny 5 motyw C-C
(CCI5), IL-8 po stymulacji alergenem [17,37,38].

na
H1 [39].

potencjal ne

Wy kazano,

a takUe

dziagani e
[4@), antazdlira t ketatifem[4l]wp gy wa j N

przyczyniaj N

Ni eliczne

antyoksydac

sin

doni esi e

yj ne i

na r

stresu oksydacyjnego poprzez hamowanie wydzielania RFT. W badaniach in vivo

przeprowadzonych
[43]lwy kazuj N dziagani e

W farmakoterapi.|

antagoni sty

na

receptor a

NN

chor - b

hi pogli kemiczne

z wi fenhydmaniirea (48] orazyamteaatirmn o

Ppopr z

zapal nycdi nuk

hi staminoweganHR2ydpyp


https://pl.wikipedia.org/w/index.php?title=LTC4&action=edit&redlink=1
https://pl.wikipedia.org/w/index.php?title=PGD2&action=edit&redlink=1

oraz fan&lyChmid bl okery H2 maj N,crh-almik tbeurdyc
sin podobnym me ¢ h a n i[45M6]. m Cymetgdyna,J aamiiydyna

orazf amot ydyna konkurencyjnie [ odwracal ni
podstawno-b o c z n e | kom-r ki 0 k §CQymetydynag wwadpbnie Ujakg N d k
hi stamina, j est pochodnN i midazol u. Rani

pificioczpiomo®¥yi e  h e tieramtgdyna moiwegr Sci e & f u |
afamotydyna i pi e r SiazolewE [47]. Chol ich dziaganie f
podobne, budowa struktural na bl oker - w
antagonistycznego. Ranitydyna jest 3-11 razy silniejsza, podczas gdy famotydyna
nawet20-27 razy silniej $8la Bli dk eyymey dyslkaz an
chor-b g-rnego odcinka ©przewodu pokar mow
obni Ueni em pH s o}d. Adtaggnisty kHa wtesgwane s N r - wn i e
w chirurgii sercowo-naczyniowej, neurochirurgii czy po przeszczepieniu nar z Nd - w
w celu zapobiegania owrzodzeniu stresowemu [48]. Sugeruj e sin, Ue
mogN teU wykazywal potencjalnekdywag8hi ¢
obserwowano u pacjent-w z wrzodami[49]. m@Rewi e n
badania wskazuj N, Ue Dblokery H2 sN silnymi
powstajNcych z kom-rek zapadOhy WwWskavzakiecBij
ranitydyny w redukc[plli. Rereacksywd Scjiie,| iwp ibdr-du
zwi erziicym wphdawanjeUeranitydyny poprawi a
upoSledzonN dzi d5Jazhidermu giieetjanjoddinak strony
gener amjimnorodni k-w p@adt |gernaknounyocchy t a c h
zchorobN wirzdadowNh os-b, kt-re otrzymywad

nie obserwowano po podaniu ranitydyny lub famotydyny [53].

Pz
111
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Proces gli kooksydacj i wywi era nAnifunkcjgr zvy
makr oczNst eczek inwivow@likoaknskyadcahc j a odgr ywa K|
w przebiegu wielus ¢ h o r z e @&, a kwUehoyolach alergicznych oraz chorobach
zapalnych bgony Biewioele¢ jJedMNakawi adomo n
antyglikooksydacyjnych | eoks-twi p a @ tlithdinese a mi |
odnoSnie potencjalnych wga&ci agSeistamtynp
H1iH2s N ni ej ednozna c Panato,ibraksjgstrj zaekc zcrhek o | wi e k
t emat i ch potencj aoju WJahctiywgdSckiacypanégo
orazantyglikacyjne | ek-w antyhi st andodatkowey c h
dziaganie terapeutyczne, ichszersnegdl pastosowaniac z y r
w lecznictwie. Nal eUy prozwnaiie U wgaSci woSci | e&n twy c
antyhistaminowych,do ¢ z e g o nd Nbazlania W maglelach in vitro i in vivo.

Celem rozprawy jest ocena wgaSci woSci ant ygnajkookSoi
st osowalneykcchw przeci whi st ami no wydfénhydraina,l [
antazolina, prometazyna, ketotifen, klemastyna, feniramina, cetyryzyna,
lewocetyryzyna, bilastyna, feksofenadyna, desloratadyna, loratadyna) or a z |l ek -
przeciwhistaminowych H2 (ranitydyna, cymetydyna, famotydyna) w modelach in vitro.

Cele szczpmagywebe) mowagy:

1. Ocenn st opni a hamowania glikacj. or aez u:
antagonisty r ecept or a H1 [ H2 w zal eUnoSci
orazgeneraciji | ekinwvitrow model ach

2. Por-wnanie stopnia hamowania glikacj.

leki antyhistaminowe H1 i H2 w odniesieniu do substancji o udokumentowanych
wgaSci woSciach przeciwglikacyjnych (an

(Trolox) w modelach in vitro

3. OceniwjaSci woSci przeciwutleniaj Ncych | e

NO



NMIc i RAcCHTcWHDGZs WU¢ceaet Ys! HE

Szczeg-gowy opis materiagu badawczego or a:

oryginal nych:

T Biedrzycki Gr zeBioeadr,z Wl as zRlIzaarkka U., Do
Daniel, -Peodzowska Maggorzata, Zal ewska
Antioxidartl yxrad i Amt iPotenti al of-1 H2 VRecC
Studi es and a SystematbPlarmatcemnat crae¢ s

16(9)19. DOI: 10.3390/ph16091273
T Biedrzycki Gr z eBjioerdzr,z Weold as zBlzaarkk a U. , Do
Daniel, -Pieodzowska Maggorzata, Zal ewska

The antiglycation potentiiianl voft rHbl srteucdeip
serum al bumin model and in siBiiacmednodie
&p har macot h20 24y -1157.5 ID@1.1 0116/ j . bi opha. 2

4. 10dczynni ki

Leki przeciwhistaminowedi Hdn lpy ccanavrmizawal i g
pr omet ,akeytnoat ikfleenma s tfyema r aomianza | e ki przeciw
Hidr ugi ej g e yreyrzaycn a ,. yrlgeewaoncae, t bil astyna,
desl oratadyna, | oratadyna pochodzi gy z, Che

(Japoni alL,eKlokpoeci whi stami npadvegnadd2 cymetyod

or agozostage odczynni ki chemiczne -Albdtiagl
( N¢g mbrecht | Ni emcy/ Sai &porlzduias,h e My WIS A2
przefil tr owaniof Blifoisletnrsy) ,0 ,aP |adbosroer gbecepniice riiz o n o

wykorzystujNc czytnik mikropgytek Infinit.

Szwajcari a).

4. 2Al bumina surowi cyi moddIncelfs p(eBrSyAment al ny

Proces gli kacij.i BSA z xgtoadM i epr ze p wa v
opubli kowanym protokogdgem opracowanym8B83 pc
0, 1M bufor fosfebaodkyem boeinZedwnj Ncym (az

NI



0,2%) =zostagdg uUyty do rozpuszczenia BSA o
0,09 inkkntrola (Rgat Wyarkeo Srodki gl i kuj Nce
( Gl ¢), fr ukytboozziniig(&riacg)t ozn ( @& HF M] sofi @enia

[glioksal (GO) 1 metyd2o ¢l imdvdaal o( IGEPRYZ @ .t § W
[ 58]BSA z dodatki eM2ang tagldmM isitn kw iddlwa e onn o S
zZ cukr ami przez 6 dni oraz z al dehydami

wt emp .°C [3786,i62]St nUeni a cgzlyinknuijkNay cthak Ue w
i nkubacjiustabwagparciu 0 va d a § iG@B&j]Mizmo ,
i ¥t A 0eanliyt gaRkRr - w, alidehgdwag&kzwczaj N ponad

fizjologiczne, sN one uUyteczne, aby w sto
zachodzNce w ludzkim organizmie nal[ 5pdrjz e
Abpor - wnal wy ni Ki uzyskane dl a l ek-w ant

substancje rmfreageunanpjawstizaead hni e stosowany
bi agek)Tr odriawa s-h yéd r 2k Hy-t 72,t & a me t y2A-kcahrrboonkagny | o
i nhi bitenbiamek o st.ntJ% debud dla nmM h  suusbt sail aonnc
ngodstawi e Ki netiynczynwiyimpho padaj@nal ni e do
gl i kaclyddhd]cDoSwi adczenie zostago przepr ow:

eksperymentach, za kaUdym rpgem w dw-ch pc

Pozytywna
0,09 M BSA+ 0,5 M Glc
0,09 M BSA+0,5 M Fru
0,09 M BSA+ 0,5 M Gal
0,09 M BSA+ 0,5 M Rib
0,09 M BSA+ 2,5 M GO
0.09 M BSA+ 2,5 M MGO

Ryci nkeonlt.r ol a negatywna i pozytywne uUyt a

Negatywna
0,09 mM BSA

Gal : gal aktgozuak;oz@l;c GO: glioksal, Fru: fruktoza; M(

NP



4. 3Bi agkowe produkty BgS A k odbiktsyrdaazcyf i H- (L
formyl okynurenina (NFK)

Zawar Do Si oNmMKaopoprzez pomiar fluorésce
odpowi 8858133340/ Ath5 Przed dokonanireonz cpicedEcazr
0,1 M kwasem siarkowym (1:5, Viv). Wy
na |l uor @i ®¢cdndggi/aar czanu chininy w 0/73]M kwa:

4. 4Produkty BSAkacrjoidukty Amador i, Bet a
produkty zaawansowane,j gli kacj i ( AGE)

Met oda kol or ynbegtiirkyictzenna nzi t r oNBT ) a zzod 0ty
wykorzystana do pporno dawAum azdedwisis d rolSacri cj i r miye r
dgugoScinmal do58b6l iczenia stmdeomisap - Wykoymz
e kst ydlkemojniof or nmra-zvafingu, 6 4'c MM[ 2.0Met oda fl uor e s .
zt i of | awikn M r k4§ d2 met y| o alsdi,«60 med yBoOODZ O3t azo
i uymmostaga uUyta do pomiaruFlzawaed o&mcdj fam
pradyugoSc885f a&l8i5[ 7rflet oda spektrofkasest aia
wykorzystana do po miAabrsuorzbawmar tip Swiye rdegolingoo S
440/ 370 6dmgiwowym czytnj RKB] mi kropgytek

4. 5Produkty uB$SAKo @nowe prudadwkntiyani a bi age
grupy karbonyl owadglkioavg dld TOQPOC) e

Met oda spektrofotometryczna zostaga wy
AOP.PbA or Manm @jr zparzoy d §uIbo®B dritmMleatloida kol or y me
zostaga wykorzystana do w aomiakicq i bzaa@walrit o
dinitrofenyl| eDhi\yddAbzYmM R a2 &% rmiye rdljourgoo Sci  f
[ 7M™Metoda kolorymetryczna z uUyciem odczyn
dopomi azaiwar t DBSi n Ueem T odcozyt akr zywe | Wz o
dlzar edukowanego glu@dBati onu ( GSH)

N Z



4. 6WJgaSciwoSci antlyeokk-sw daanctyyjhniest ami nowyc h

WgaSci woSci przeciwutleniaj Nce roztwor -
(1 mM) oceni an owypnoi paatzaenzin wecle ngio dai k dwi |Nzaii
jonmet ali przejSciowych

4. 6Tedst wymiatanita rodni ka AO

Procedura eksperymental na ¢gbolreogzatgwao r ma
z(29%5RB bufoH@ Tr0,s05 MIC)pHKTI, 4y IaAWi eradg
NaeEDTA L 5®@irogalolu (60 mMmM w 1 mM HCI , 3
wytrzNsano w temperaturze 37AC. Absorbanc

wstosunku doH®lufwo u3drs sprzez 5 min (pH 7,

4.6T@&€st wymiatania rodni ka AOH
Zdol noSi wy mi at ani a rodni k- w hydr ok

zmodyfi kowanN metodN opracowanN przez Su

zawi eraga siarczan Uelaza (8 mM), nadt | el
( Omb) , pr - bkn (1,0 ml) [ salicylan sodu
Mi eszaninn inkubowano w temperaturze 37A
mi erzono przy dgugoSci fali 562 nm.

46. STesymvaatahénku AaNgot u (

Zdol ne¥ii at ani a tl enbuzeazazoi ity dihoyait ydy
if amotfymdiyemr zono przy wuUyciu nitroprusydku
zmet odN opisanN p[r&Bjz1Nmthaokztwepu pr - bki
buf orowanej fosforanem sol i fizjologiczne
iinkubowano w t dnperadear 80 2mMi0n.5 Nd s tmiipensiz
reakcyjnej usunintBwietmi pszggotpowaAanbkml Gr
Absorbancjfin zmierzono przy dgdugoSci fali £

46. 4T.e s y mw a a H03

Zdol moySii at a2 ma e Hzwoynkoo r z yosrtaun INck syl enol o
do utlenianiaa Ponbwkwi Uemaes 2z@naectanU60i enMk ¢
0,mM@dg/ ml) [ i nkubowano przez 30 ROnuw- w pre.

HO2 nastnpni e zmi eszano z met anolem kIl as

NT



ami eszaninn inkubowano przezpkwbkteéikKipenpd Oe knsil
zmi erzono przy di®8@d¢Sci fali 560 nm

46. 5STeswymi atani akwasuwmiraaya'o sqt3y | obenzo0-6-i azc
sul fonowego (ABTS)

Zdol noSi wymi at amMiBaS redrziepa owadzono
zegmodyfi kowanym prot gBEBJ#H M, rWazncg ae &c zwosnpe.j p
do 290o0ztworu ABTS zawierajNcego 2 mM sol
nadsiarczanu potasu, a nastnpnie dodano
Przygotowano r-wnieU pr-bifn kontrolnN za\
Mi eszaninfi inkubowandsprbancijld mildupgobai @
750m.

46. 6T.est wymi at ani-dai freomii &kray I2hy2dr a)zyl u ( DPP

Zdo!l moySdii atreondind k ao dDPrPiHA n o  me t-WidIN i Badasiad a
Aby zainicjowall rmatkandrhbptdgdni kdai f2h3 | o
pi krylohydr azyni wes zDP®Pdl) pr - bki (rani tydyr
if amot y &My ky p paj yctikeimn o S0 rmpirrzwetz, pozwal aj Nc
przebieg reakcji. Po tym okresie zmierzonc

46. TTest wi Nzani a(jfFoc)w Uel az

O,5rmkzt wor zwmi eekanosl zehl1oe®@ku Uel aza (0O
metanolu. PoidRummadojpgimpehat urde miod& 9d adnaemoy
0,1 ml roztworu Uelmizogyaryi ni5 rmBékcyij nN
wt emper atur ze pokoj owe|j na dodat kowe 5
pradyugoSci f azZddol5n6025in nt,hFeldCat(o%)andbal i czono

spadku absorbancji w[ 8.6 -wnaniu z kontrol!l

47. Dokowanie mol ekul arne

Dokowanie molekularne to technika oblic
mi idzy I|igandem (cznisto czNsteczkN 1| eku)
Celem jest przewidzenie optymal nego sposc
daonakr oczNsteczki, co mo Ue dostarczyl C e

iopracowywani a [nBOnWNe milegls.zew badani e koncen

NY



l ek-w antyhistamizobwyacghki eltn BSAH2 Rent genc
krystali ozmNdBSR2c4DSA uzyskano z Banku

( PDIBD: 41 BD3) I anali zowane I e ki przygotow
zwy korzystaniem oprogr amow@Madlae Awlt arDoRBiko M
La Jol |l a, Cal iCOzoNsntieac zUSA)wody =zostadgy usu
apol aatneemp dwir czNst kowe §adwnkigyKaololdmarea d o
bi agek i l ek - w. Struktura biagka =zostaga
dokowania przeprowadzomhooo!|lw AuwodRaxwal aVWi rBa
Lalol | a, Cal izf osrimitak NU/0)o dtHDt Mpoem 0, 375 A,

nawvsp-grzndnych 9, 324, 23,335 i 5,687. War
pozycj.i wi Nzania pr-bkowanych podczas syl
na8. Wyni ki dokowania zostagy przeanal i zow:
2.65S°drnger, Nowy dbykzap&whil wizualnN re
bi agek i l ek - w[®WaB7ilch interakcj.i

48. Analiza statystyczna

Wyniockzinacpettedst agwkonaor ocepo z yktoytwBrS#! |
czynmilk kujDdNcyoceny i stotnoSci Swt yakt oyrszt yysct zal
jednoczyNahéabwari ancj iz ANGGMAD dudksety Wyl i ¢z (
poprawkn dla por - wnm<tE Ovi0I okmaoytjniytcdh , za i s
Dot ego cel u wylogrGyssghmhaod pPrism 9. 0. 0 (Gr a
Di ego, Kal i.forni a, USA)

N ®



4. 9Wyni ki
Szczeg-gowy opis wynik-w znajduje sin w

1T Biedrzycki Gr z eRjioa dzr, z WoK s zRIZaarkk y nld.,, MD @
Daniel, -Pieotdzowska Maggorzata, Zal ewska
Antioxi dardl yarad i Amt iPotent i al of-1 H2 VRec
Studies and a SystemaRhar maicteaurta ttar(e ) R«

s119. DOl : 10.3390/ph16091273
T Biedrzycki Gr z eRjyioer dzr, z WMOK as zRlzaarkk a U. , Do
Daniel, -PRieotdzowska Maggorzata, Zal ewska

The antiglycation potentiiianl voift rHb M eucda p
serum al bumin model and in siBiicmednodie
&p har macot herapy:1520D0,] :1 71D, 10.16Y j . bi o]

ZawartoSi prodokauztw eqiliiakna@aj iaimbumj sy y da
znacz@MNaod wp goyawdeamlyekh- w ant yhi stami nowygh H
nizaobser wowano spadku stnUenia AGE, kKt -ry
gl i kacj i biagek (z wyjNtkiem glikacij. i nd
eksperymental nych, t empo gli kooksydacj i
zwi fkszeni u, co a%Wskwaf¢ie mmookigydacyj ne

receptora H1.

SpoSr-d wszystkich badanych Dbloker-w H
spos-b redukuje tempo glikoksydacj. BSA.
odnotowano z mni ej szone stnUeni e pr oduk&C)w k
modyfi kowanych gl i kooksy @arc WINFK) e jaank n ork-w
wczesnych (®@pr odukty Amador ®)GE) préddykbh-w gl
wpr - bkach gBSAomadedatkiem ranitydyny vs.

(kontrola pozytywna). Ranitydyna -2 WMG@-ks ze
indukowanych modelach glikacji BSA. Co ci ekawe, w niekt-
ranitydyna obni Ua natnUenie glikooksydac,]

wpr -bkach BSA bez dodatku czynni k@Tw0BGIg;k uj !
®AGE w Glc; ®T w Fru; &NFK w Fru; @DT w Gal; @NFK w Gal;, ®AGE w Gal;
®DT w Rib; @NFK w Rib; ®AGE w Rib; @DT w MGO). Wykazanor - wn i eeEtowarié e

H2-bl okery miagy zdol noSi wymi atania rodni

M



iDPPHA. Najsilniejsze wgaSciwoSci przeci w

kt -ra dodatkowo posiada zdolnoSi wiNzani a

111
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4. 1Dyskusj a

Szczeg-gowa dyskusja wynik-w znajduje si

T Biedrzycki Gr zeBioeadr,z Wl as zRIzaarkka U., Do
Daniel, -Peodzowska Maggorzata, Zal ewska
Antioxi dartl yxrad i Amt iPotenti al of-1 H2 VRecC
Studies and a Syst e mdthiaa maicteeait atcad & : Re
s1-19. DOI 3390/ ph16091273

T Biedrzycki Gr z eBjioedzr,z Weol &s zBRlzaarkka U. , Do
Daniel, -Pieodzowska Maggorzata, Zal ewska
The antiglycation potentiiianl voft rHbl srteucdeip
serum al bumin model and i n siBiiacmednodie
&phar macot h20 24y -1157.5 ID@1.1 0116/ j . bi opha. 2

Dotychczasowe badania wykazuj N, Ue 1| eki
kontroln glikemii, obniUajN poziom glukozy
[88i193. Ni e wiadomo jednak, czy dziaganie hij

H1 wynika z wpgdywu na gospodar kiis ywit @lmowaed amyorw-N

metaboliczne ( d zi adani ec zpyo Streell nz ewgaSci woSci ant.y
perse(dzi agani e OdidH.oSredni e)
Antagonisty receptora H2 t o grupa | ek-w obni Uaj N

UogNdkowego w przebiegu chda7]: b Dokgagduaoe p
|l iteraturowe wskazujN na szersze spektrum
wgaSci woSci an©g898lk Wytacwnpoe Oe stosowani
zapobiega peroksydacij i[lOD]iomi zinniggszabu§z&odaeniaS | u z
wNtroby wywogane spolloijw&dioemdrailkod,0l We |
wykazuje poSrednie dziaganie antyoksydacy
nowot wor - w-Ujgl fwa mohNMEYtach stymul owanych pr
Z racji, i U dziaganie antyoksydacyjne int
at akUe brak jest bada® Swi adc z Nc ygdecgdowana c h
sin pr zephbadamiaa d ¢ € h i awpNjcyew a nt argeceptoiasHl -i viH2
nagl i kooksydacjn biagek.

Do realizacji zamierzonego celu wykorzystano model in vitro glikowanej

albuminy by d1.,ice¢ni epraaid) 80% wykazuje onahomol ogi i stru



zal bumi nNal ahxkke, bardzo Jat wo [102fe Wanoighr o C ¢

badaniachBSA ul eggo gl i kacj i pod wpgywem WSZYVy:
cukr - w (Frlw, Gal , Ri b) , ] ak [ al dehyd- w
(1z)wi nkszone stnUenie produkt-w Amadori, (
beta i AGE, jak r-wnieU (3) obniUona zawar
grup karbonyl owych i AOPP w pr-bkach BSA

wpor -wnaniu donkBgAatiykvomt)r.ol a

Celem moich badanp Jly wd f ¢ DicEmiae | Ise ko-svo w
przeci whistidhi nowid2 ht empo hamowani a gl i kc
Gener atzawiag,t o S1i produlkt!l wnB8Anikagc jul egga i s
zmniejszeni u padavypedywe nant yhi stianishoSy cd
wszystkich badanych substancji jedynie ranitydyna istotnie hamo w a @tlanianie BSA
we wszystkich zastosowanych modelach.

St iUeni a rea @gavmtr uw K i inNkyeaxqdi pdodtrav
badaEnetycznych proporcjonalnie do wysoki
[ 5B8] W zastosowlewekdh przeci whistami nowe
bezpoSredniego dziagani a antyglikacyjnegoc
prooksydaykg malg eenmp oUeh atmowani a gl i kooksyda
odbudowy chemmeanrejac] i bl oker-w receptor a

W celu obiektywnej antyeistapninodvych jakg substarcje | e k
odniesienia zasNbpkbowagedowodni onych wgaSci
(aminoguanidyna) oraz antyoksydacyjnych (Trolox) [103,104]. Wykazag em Ue j edy
rani t yndaymug e okglyidla@ j n BSA w stopni dr op @mx-uw
iami noguanidyny, a ni e(@\ @EvGI ®&Twetr @8 CWror ;i |
BDT G®GaleNFKwGalegpr od Akmayl wiGia IRAGEv Ga IRD TWRi RBD T
WMGORAGBEBVMGO) . W grupie | ek- w zaanwayrhti s§ia nw cnzoe
i p-Ffnych pr oodamtkkitomamgherk-awjutl eni ania BSA
glikowanej albuminy z dodatkiem t y c h lwe kprow - wnani u do BSA
zami nogua Arolakgrm N i

Antagoni sty 1lr éexelptosawahe sN na cagym
czterech dekad. Poni ewaU wiele chor-b ukg:
stresem oksydacyjnym i karbonyl owgmpt oz
hi stami oowegaencj al nym dzi agaannituy ga ni tkyaockysj yndy

111
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okazal sin pomocne w optyNn&lzibnaanjgiedeakrr
potwierdzenie dziagani a amint wd ywiag aqikksysha y o
Nal eUOy pamintal, Ue ranitydyna ulega w or
met abol ity mogN miei takUe potencjalni dz
pochojdest | &nek ranitydyny, a w mniejszych
tlenek ranitydymiyezbDildateegesN ted&l sze badan
pochodnywdlnyani

111
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PHOI URYt t R

1. Leki przeci whistami nowe H1 ni e wy k a:
antyglikacyjnego w warunkach in vitro

2. Tempo hamowania glikooksydacjibi agek przez bl okery H1
chemicznej oraz generacji leku

3. Spo Swszydtkichbadanych bl oker - -w recwedpaddaiawd
antyglikoksydacyjne w badaniach in vitro wykazuje ranitydyna. Hamuje
onag | i kosaz ytlenianieBS A w st opniu por - wnydyyl nyr
I Troloxu

4, SpoSr - d b aldavantybistamihowych H2 naj si |l ni ej sze v
przeci wut Wykadujearaniydyea, kK to-prra c z wy mi at ani
rodniposiadar - wna ceed)l wo $lizania jon-w metal.

5. Ni ezbmsdnedal sze badania nad potencjaln
uos - b z ¢ h cetiotodiistresu karbonylowego (tj. cukrzyca, choroby
uk gadu koraNdheroby reeurodegeneracyjne). Na | et(hyk dd@ek g ad n i
wy j a Sechahizmy hipoglikemicznegod z i a § @ rk arayhistaminowych

111
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Antagoni sty receptor a hi stami nowego H1 ¢
stosowanych w leczeniu alergii. Antagonisty receptora histaminowego H2 to grupa
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pokarmowego. Ost at ni e b adan blakerywaecépom il Ni H2 mog N
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H1 receptor antagonists are widely used in the treatment of allergies. Histamine H2
receptor antagonists are a group of drugs that inhibit gastric juice secretion
in gastrointestinal diseases. However, recent research has shown suggest that
H1 and H2 blockers may have a broader spectrum of activity, including hypoglycemic
effects. The antioxidant properties of H1 and H2 blockers have not been fully
elucidated, and their antiglycation potential has not been studied to date. Therefore,
the aim of this study was to evaluate the antiglycation activity (antiglycoxidant activity)
of twelve H1 receptor antagonists (diphenhydramine, antazoline, promethazine,
ketotifen, clemastine, pheniramine, cetirizine, levocetirizine, bilastine, fexofenadine,
desloratadine, and loratadine) and the most popular H2 receptor antagonists
(ranitidine, cimetidine, and famotidine). Bovine serum albumin (BSA) was glycated
with sugars (glucose, fructose, galactose, and ribose) and aldehydes (glyoxal
and methylglyoxal) in the presence of H1 and H2 blockers. In the analyzed group
of drugs, ranitidine was the only H2 blocker that significantly inhibited BSA glycation
in all tested models. The content of protein carbonyls (carbonyl groups), protein
gl ycoxidati on pr oddoentylkynurénthe)i ang reasls i(iZeA,ma & ol r
products) and late-st age (Zadvanced glycation end pr
products (biomarkers) decreased significantly in samples of glycated BSA
with the addition of ranitidine relative to BSA with the addition of the glycating agents.
The antiglycation potential of ranitidine was comparable to that of aminoguanidine
and Trolox. The other tested substances did not induce a significant decrease in the
content of albumin glycation and oxidation end-products, and the inhibition rate
of glycoxidation was not influenced by the chemical structure or generation
of H1 blockers. None of the tested H1 receptor antagonists exhibited strong
antiglycation activity. Further research, including both in vitro and in vivo models,
is needed to elucidate the mechanisms of hypoglycemic activity of H1 and H2

antihistamines.
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Abstract: Background: Histamine H2 receptor antagonists are a group of drugs that inhibit gastric
juice secretion in gastrointestinal diseases. However, there is evidence to suggest that H2 blockers
have a broader spectrum of activity. The antioxidant properties of H2 blockers have not been
fully elucidated, and their anti-glycation potential has not been studied to date. Therefore, this
is the first study to compare the antioxidant and antiglycation potentials of the most popular H2
antagonists (ranitidine, cimetidine, and famotidine) on protein glycoxidation in vitro. Methods:
Bovine serum albumin (BSA) was glycated using sugars (glucose, fructose, galactose, and ribose) as
well as aldehydes (glyoxal and methylglyoxal). Results: In the analyzed group of drugs, ranitidine
was the only H2 blocker that significantly inhibited BSA glycation in all tested models. The contents
of protein carbonyls, protein glycoxidation products (|dityrosine, |N-formylkynurenine), and early
(JAmadori products) and late-stage (L AGEs) protein glycation products decreased in samples of
glycated BSA with the addition of ranitidine relative to BSA with the addition of the glycating agents.
The anti-glycation potential of ranitidine was comparable to those of aminoguanidine and Trolox.
In the molecular docking analysis, ranitidine was characterized by the lowest binding energy for
BSA sites and could compete with protein amino groups for the addition of carbonyl groups. H2
blockers also scavenge free radicals. The strongest antioxidant properties are found in ranitidine,
which additionally has the ability to bind transition metal ions. The systematic literature review also
revealed that the anti-glycation effects of ranitidine could be attributed to its antioxidant properties.
Conclusions: Ranitidine showed anti-glycation and antioxidant properties. Further research is
needed, particularly in patients with diseases that promote protein glycation.

Keywords: H2 receptor antagonists; H2-antihistamines drugs; antioxidant; anti-glycation; AGE;
oxidative stress; glycoxidation

1. Introduction

Oxidative stress is defined as an imbalance between the generation of reactive oxygen
species (ROS) and antioxidants in the body [1]. This process is inextricably linked to protein
glycation, during which covalent bonds are formed between aldehyde groups in sugars
and amino groups in proteins (known as the Maillard reaction or the browning reaction).
The produced Schiff bases are highly unstable, and they are rapidly converted to Amadori
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products [2]. Amadori products undergo polymerization, polycondensation, and cross-
linking reactions to form advanced glycation end-products (AGEs). These compounds are
characterized by high biological reactivity. AGEs bind to specific receptors (RAGE) on cell
surfaces [3], which activates the nuclear factor-kappa B (NF-kB) signaling pathway. NF-xB
overexpression leads to the excessive production of not only cytokines, chemokines, and
growth factors, but also ROS [4]. Protein glycation and oxidation are closely linked pro-
cesses that are jointly referred to as glycoxidation. Interestingly, the underlying mechanisms
of advanced glycoxidation are not only endogenous. Dicarbonyl derivatives (glyoxal (GO)
and methylglyoxal (MGOQ)) and AGEs are also ingested with highly processed foods [5],
which is why protein glycation has attracted considerable interest in research on lifestyle
diseases. Numerous studies have shown that ROS and AGEs modify cell structures and
functions, which can even lead to DNA damage and apoptosis [6-8]. Oxidative and
carbonyl stress are implicated in the pathogenesis of peptic ulcer disease and gastritis [9].
Intensified peroxidation of gastric mucosa lipids has been observed in patients with gas-
tritis and duodenitis. This process leads to the release of intracellular granules, such as
lysosomal enzymes, resulting in further damage [4]. Glycation products promote epithelial
damage in the gastrointestinal tract by degrading the basement membrane and inducing
DNA damage [10]. Higher concentrations of antioxidants/anti-glycation agents in the
stomach or a slower rate of ROS production can counteract these negative effects [11].
Histamine H2 receptor antagonists, mostly cimetidine (1-Cyano-2-methyl-3-(2-{[(4-
methyl-1H-imidazol-5-yl)methyl]sulfanyljethyl)guanidine), ranitidine ((E)-N-{2-[({5-[(Dim-
ethylamino)methyl]-2-furyljmethyl)sulfanyl]ethyl}-N"-methyl-2-nitro-1,1-ethenediamine),
and famotidine (3-[[[[2-((Diaminomethylene)amino]thiazol-4-ylJmethyl]thio]-N"-sulfamoyl-
propanimidamide), are used in the treatment of gastrointestinal inflammations (Figure 1) [12].
H2 blockers differ in chemical structure, but have a similar mechanism of action [13,14].
Cimetidine, ranitidine, and famotidine act as competitive antagonists that reversibly block
H2 receptors on the basolateral membrane of gastric epithelial cells. Cimetidine and his-
tamine are imidazole derivatives. Ranitidine and famotidine have different five-membered
heterocyclic rings: ranitidine has a furan ring, whereas famotidine has a thiazole ring [15].
Both compounds have similar mechanisms of action, but their antagonistic potency is
influenced by their structure. Ranitidine is 3-11 times more potent, and famotidine is
20-27 times more potent than cimetidine [14]. H2 blockers are recommended in the treat-
ment of upper digestive tract disorders caused by an excessive decrease in the pH of the
gastric acid [16]. H2 antagonists are also administered to patients undergoing cardiovas-
cular surgery, neurosurgery, and organ transplantation to prevent stress ulcers [17]. It has
been suggested that H2 antagonists could also have antioxidant potential. Such effects
have been observed in patients with gastric ulcers treated with H2 blockers [18,19]. Other
studies demonstrated that H2 blockers are potent scavengers of ROS produced by inflam-
matory cells, such as neutrophils [18,19]. On the other hand, cimetidine administered to
patients with peptic ulcers and healthy subjects increased *O,~ production in granulo-
cytes, whereas ranitidine and famotidine did not elicit such a response [20]. In view of
the contradictory reports on the antioxidant properties of H2 antagonists and a general
scarcity of research on their effects on carbonyl stress, the present study was undertaken to
investigate the anti-glycoxidant properties of these pharmaceutical products. In addition, it
remains unknown whether the postulated anti-glycoxidant activity of H2 blockers should
be attributed to their effect on intracellular redox homeostasis /inflammatory responses or
their chemical structure. The answer to this question could have significant implications
for clinical practice. This is the first study to compare the antioxidant and anti-glycation
potentials of the most popular H2 antagonists—ranitidine, cimetidine, and famotidine.
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Figure 1. Chemical structure of the analyzed H2 receptor antagonists: ranitidine (A), cimetidine (B),
and famotidine (C).

2. Results
2.1. Systematic Review

The literature review was conducted according to PRISMA 2020 criteria. A description
of the inclusion and exclusion criteria is provided in the Materials and Methods.

Three independent researchers performed an initial data analysis based on manuscript
titles and abstracts. In the next stage, the selected articles were read and assessed for
eligibility based on the adopted inclusion/exclusion criteria. Cohen’s kappa coefficient
(k) (x = 0.91) was used to measure inter-rated reliability. To ensure high data quality, all
manuscripts were assessed for methodology, and the following data were gathered: author
names and affiliations, year of publication, research project, sample size, inclusion and
exclusion criteria, study duration, and results.

The systematic review yielded 868 research articles in the Medline database (PubMed).
Of those, 782 were rejected due to misleading titles. Eighty-six abstracts were read, and
twenty-two of those were assessed for eligibility based on the adopted inclusion/exclusion
criteria. Fourteen articles were unrelated to the studied topic. Ultimately, only eight
research articles were included in the study. A flowchart of the systematic review process
is presented in Figure S1.

The results of the literature review indicate that cimetidine and famotidine inhibit the
production of superoxide (*O, ~) and hydrogen peroxide (H,0O,) in human neutrophils [21].
Ranitidine exerts indirect antioxidant effects by inhibiting neutrophil activation (decreased
production of neutrophil elastase and *O, ™) [22], as well as reducing tumor necrosis factor
« (TNF-«) production by lipopolysaccharide (LPS)-stimulated monocytes [22]. Ranitidine,
cimetidine, and famotidine also scavenge hydroxyl radicals (*OH) in various in vitro
models [23,24]. The antioxidant properties of H2 blockers have also been confirmed
in in vivo studies. Ranitidine scavenged 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals
more effectively than famotidine and cimetidine [19]. H2 antagonists also effectively
scavenged nitric oxide (*NO) radicals. Famotidine is a more potent scavenger of *NO
radicals than ranitidine and cimetidine [19]. Ranitidine exhibits antioxidant activity by
inhibiting TNF-« production in the hepatocytes of rats with ischemia/reperfusion [25], as
well as decreases lipid peroxidation in gastric mucosal injury induced by water immersion-
restraint stress [22].

The detailed results of the literature review are presented in the Supplementary
Material (Table S1).
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2.2. The Effect of H2 Inhibitors on Protein Glycoxidation, Glycation, and Oxidative Damage in
Glucose (Glc)-Induced Albumin Glycation

Various glycation agents, including sugars (glucose (Glc), fructose (Fru), galactose
(Ga), and ribose (Rib)) and aldehydes (glyoxal (GO) and methylglyoxal (MGO)) were used
in this study due to differences in the glycation kinetics of BSA. Human albumin is glycated
mainly by D-glucose [26]. In the human body, glycation is a very long process (that lasts
several weeks or even months) because only small amounts of Glc with a free aldehyde
group are present in the blood plasma and tissues [27,28]. Gal, Rib, dicarbonyl compounds
(GO), and their methylated derivatives (MGO) are significantly more reactive than Glc [9].
In the present study, glycation agents were applied at much higher concentrations than the
physiological levels, but their doses were determined in biokinetic studies (proportionally
to the concentrations of the tested substances) to simulate physiological processes in a
shorter period of time [29-32]. The rate of glycation inhibition by H2 blockers was assessed
by measuring the contents of glycoxidation (dityrosine and N-formylkynurenine), glycation
(Amadori products and AGEs), and oxidation protein products (protein carbonyls (PCs)
and total thiols (TTs)). Two reference substances were used to compare the results for
ranitidine, cimetidine, and famotidine: aminoguanidine (a popular inhibitor of protein
glycation) and Trolox (inhibitor of protein oxidation).

The content of protein glycoxidation products (dityrosine and N-formylkynurenine)
was considerably higher in samples of BSA with the addition of glucose than in BSA alone.
The dityrosine contents were significantly lower in BSA+Glc+aminoguanidine (150.1%),
BSA+Glc+Trolox (/45.1%), BSA+Gle+ranitidine (87.9%), and BSA+Glc+famotidine (}11.2%)
than in BSA+Glc. The dityrosine content was lower in BSA+Glc+ranitidine (178.9%) than
in BSA. In turn, the dityrosine contents were higher in BSA+Glc+cimetidine (169.9%) and
BSA+Clc+famotidine (150.8%) than in BSA. The contents of N-formylkynurenine were
lower in BSA+Gle+aminoguanidine (118.6%), BSA+Glc+Trolox (]21.5%), BSA+Glc+ranitid-
ine (|75.4%), and BSA+Glc+famotidine (/11.3%) than in BSA+Glc. The content of N-
formylkynurenine was also considerably lower in BSA+Glc+ranitidine (175.6%) and higher
in BSA+Glc+aminoguanidine (193.6%), BSA+Glc+cimetidine (1127.4%), BSA+Glc+Trolox
(187.6%), and BSA+Glc+famotidine (1110.3%) than in BSA (Figure 2A,B).

The content of protein glycation products (Amadori products and AGEs) was higher
after the addition of glucose (BSA+Glc) than in BSA alone. The contents of Amadori
products were lower in BSA+Glc+aminoguanidine (].32.3%), BSA+Glc+Trolox (120.4%),
BSA+Glc+ranitidine (145.9%), and BSA+Glc+famotidine (]7.2%) than in BSA+Glc. The con-
tents of Amadori products were higher in BSA+Glc+aminoguanidine (1275.9%), BSA+Glc+T-
rolox (1335.2%), BSA+Glc+ranitidine (1203.6%), BSA+Glc+cimetidine (1425.9%), and BSA+G-
le+famotidine (1407.6%) than in BSA. The contents of AGEs were lower in BSA+Glc+amino-
guanidine (].29.3%), BSA+Glc+Trolox (127.4%), BSA+Glc+ranitidine (191.5%), and BSA+Gle
+famotidine (]14.3%) than in BSA+Glc. The contents of AGEs were considerably higher
in BSA+Glc+aminoguanidine (140.3%), BSA+Glc+Trolox (144.9%), BSA+Glc+cimetidine
(193.6%), and BSA+Glc+famotidine (168.2%), and lower in BSA+Glc+ranitidine (/.80.8%)
than in BSA (Figure 2C,D).

The content of PCs was higher after the addition of glucose (BSA+Glc) than in BSA
alone. The content of PCs was higher in BSA+Glc+famotidine (162.3%) than in BSA+Glc. The
contents of PCs were higher in BSA+Glc+cimetidine (1262.3%) and BSA+Gle+famotidine
(1344.2%) than in BSA. The content of TTs was lower in BSA+Glc+ranitidine (]51.8%)
than in BSA+Glc. In comparison with BSA, the contents of TTs were lower in BSA+Glc
and in BSA+GIc after the addition of aminoguanidine, Trolox, ranitidine, cimetidine, and
famotidine (177.8%, 77.2%, 91.3%, 83.5%, and 85.2%, respectively) (Figure 2E,F).

2.3. The Effect of H2 Inhibitors on Protein Glycoxidation, Glycation, and Oxidative Damage in
Fructose (Fru)-Induced Albumin Glycation

The contents of protein glycoxidation products (dityrosine and N-formylkynurenine)
were considerably higher in BSA with the addition of fructose than in BSA alone. The dityro-
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sine contents were significantly lower in BSA+Fru+aminoguanidine (153%), BSA+Fru+Trolox
(147%), BSA+Fru-+ranitidine (].85%), BSA+Fru+cimetidine (50%), and BSA+Fru+famotidine
(153%) than in BSA+Fru. The dityrosine contents were also significantly lower in BSA+Fru+
aminoguanidine (]21%), BSA+Fru+ranitidine (|75%), BSA+Fru+cimetidine (17%), and
BSA+Fru+famotidine (/21%) than in BSA. The contents of N-formylkynurenine were
lower in BSA+Fru+aminoguanidine (]93%), BSA+Fru+Trolox (179%), BSA+Fru+ranitidine
(186%), BSA+Fru+cimetidine (/50%), and BSA+Fru+famotidine (/48%) than in BSA+Fru.
The contents of N-formylkynurenine were also considerably lower in BSA+Fru+aminogua-
nidine (]84%), BSA+Fru+Trolox (}50%), and BSA+Fru+ranitidine (}67%), but higher in
BSA+Fru+famotidine (21%) than in BSA (Figure 2G,H).

NFK AP AGE PC

Glc

Fru

Gal

Rib

@ BESA B BSA+GF W BSA+GF+Aminoguanidine Wl BSA+GF+Trolox @ BSA+GF+Ranitidine Bl BSA+GF+Cimetidine Wl BSA+GF+Famotidine

Figure 2. The effect of H2 inhibitors on protein glycoxidation (A,B,GH,M,N,5,T), glycation
(C,D,1,J,O,P,U,V), and oxidative damage (E,F,K,L,Q,R,W,X) in sugar-induced albumin glycation.
AGEs: advanced glycation end-products; AP: Amadori products; BSA: bovine serum albumin; DT:
dityrosine; Gal: galactose; GF: glycating factor; Glc: glucose; Fru: fructose; NFK: N-formylkynurenine;
PC: protein carbonyls; Rib: ribose; TT: total thiols; # p < 0.05 vs. positive control (GF); # p < 0.01 vs.
positive control (GF); #* p < 0.001 vs. positive control (GF); ## p < 0.0001 vs. positive control (GF);
* p < 0.05 vs. negative control (BSA); ** p < 0.01 vs. negative control (BSA); *** p < 0.001 vs. negative
control (BSA); **** p < 0.0001 vs. negative control (BSA).

The contents of protein glycation products (Amadori products and AGEs) were
also higher after fructose addition (BSA+Fru) than in BSA alone. In turn, the contents
of Amadori products were significantly lower in samples of BSA+Fru+aminoguanidine
(161%), BSA+Fru+Trolox (147%), BSA+Fru+ranitidine (169%), BSA+Fru+cimetidine (]49%),
and BSA+Fru+famotidine (}51%) than in BSA+Fru. The contents of Amadori products were
higher in BSA+Fru+aminoguanidine (1116%), BSA+Fru+Trolox (1194%), BSA+Fru+ranitidine
(172%), BSA+Fru+cimetidine (1183%), and BSA+Fru+famotidine (1172%) than in BSA. The

|
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contents of AGEs were considerably higher in BSA+Fru+ranitidine (196%), BSA+Fru+cime-
tidine (1164%), and BSA+Fru+famotidine (1138%) than in BSA (Figure 21]).

The content of PCs was higher in the presence of fructose (BSA+Fru) than in BSA
alone (1177%), and lower in BSA+Fru+ranitidine (/72%) than in BSA+Fru. The contents of
TTs were lower in BSA with the addition of fructose (BSA+Fru), aminoguanidine, Trolox,
ranitidine, cimetidine, and famotidine ([81%, 52%, 45%, 62%, 64%, and 72%, respectively)
than in BSA alone. In comparison with BSA+Fru, the TT contents increased after the
addition of aminoguanidine, Trolox, ranitidine, cimetidine, and famotidine (1185%, 202%,
54%, 99%, and 57%, respectively) (Figure 2K,L).

2.4. The Effect of H2 Inhibitors on Protein Glycoxidation, Glycation, and Oxidative Damage in
Galactose (Gal)-Induced Albumin Glycation

The contents of protein glycoxidation products (dityrosine and N-formylkynurenine)
were considerably higher in BSA samples with the addition of galactose than in BSA alone.
The dityrosine contents were lower in BSA+Gal+aminoguanidine (].24.2%), BSA+Gal+Trolox
(}129.9%), BSA+Gal+ranitidine (.92.6%), and BSA+Gal+famotidine (]11.5%) than in BSA+Gal.
The dityrosine contents were lower in BSA+Gal+ranitidine (].87.5%) and higher in BSA+Gal+
aminoguanidine (127.2%), BSA+Gal+Trolox (117.6%), BSA+Gal+cimetidine (168.7%), and
BSA+Gal+famotidine (148.7%) than in BSA. The contents of N-formylkynurenine were
lower in BSA+Gal+aminoguanidine (121.9%), BSA+Gal+Trolox (]34.8%), and BSA+Gal+
ranitidine (] 86.2%) than in BSA+Gal. The contents of N-formylkynurenine were lower in
BSA+Gal+ranitidine (167.5%) and higher in BSA +Gal+aminoguanidine (183.6%), BSA+Gal+
Trolox (153.4%), BSA+Gal+cimetidine (1150.6%), and BSA+Gal+famotidine (1122.6%) than
in BSA (Figure 2M,N).

The contents of protein glycation products (Amadori products, AGEs) were higher
after the addition of galactose (BSA+Gal) than in BSA alone. The contents of Amadori prod-
ucts were lower in BSA+Gal+aminoguanidine (123.9%), BSA+Gal+Trolox (1.14.9%), and
BSA+Gal+ranitidine (].35.5%) than in BSA+Gal. The contents of Amadori products were
higher in BSA+Gal+aminoguanidine (1314.6%), BSA+Gal+Trolox (1363%), BSA+Gal+rani-
tidine (1251%), BSA+Gal+cimetidine (1451.7%), and BSA+Gal+famotidine (1453.9%) than
in BSA. The contents of AGEs were lower in BSA+Gal+aminoguanidine (]24.8%), BSA+Gal+
Trolox (127.9%), BSA+Gal+ranitidine (192.3%), and BSA+Gal+famotidine (]12.1%) than in
BSA+Gal. The contents of AGEs were lower in BSA+Gal+ranitidine (]84.8%) and higher
in BSA+Gal+aminoguanidine (147.5%), BSA+Gal+Trolox (141.5%), BSA+Gal+cimetidine
(1103.3%), and BSA+Gal+famotidine (172.4%) than in BSA (Figure 20,P)

The content of PCs was higher after the addition of galactose (BSA+Gal) than in BSA
alone. The contents of PCs were lower in BSA+Gal+Trolox (156.9%), BSA+Gal+ranitidine
(134.1%), and BSA+Gal+cimetidine (|34.5%) than in BSA+Gal. The contents of PCs were
higher in BSA+Gal+aminoguanidine (1114.4%) and BSA+Gal+famotidine (1111.3%) than
in BSA. The contents of TTs were higher in BSA+Gal+aminoguanidine (1140.9%) and
BSA+Gal+Trolox (1112.1%) than in BSA+Gal. In comparison with BSA, the contents of
TTs were lower in BSA+Gal and in BSA+Gal with the addition of aminoguanidine, Trolox,
ranitidine, cimetidine, and famotidine (|55.9%, 61.2%, 85.9%, 84%, and 83.2%, respectively)
(Figure 2Q,R).

2.5. The Effect of H2 Inhibitors on Protein Glycoxidation, Glycation, and Oxidative Damage in
Ribose (Rib)-Induced Albumin Glycation

The contents of protein glycoxidation products (dityrosine and N-formylkynurenine)
were considerably higher in BSA samples with the addition of ribose than in BSA alone. The
dityrosine contents were lower in BSA+Rib+aminoguanidine (]53.3%), BSA+Rib+Trolox
(147.8%), BSA+Rib+ranitidine (]69.8%), and BSA+Rib+famotidine (]13.2%) than in BSA+Rib.
The dityrosine contents were lower in BSA+Rib+aminoguanidine (120.9%) and BSA+Rib+
ranitidine (]47.8%) than in BSA. In turn, the dityrosine contents were higher in BSA+Rib+ci-
metidine (161.9%) and BSA+Rib+famotidine (146.3%) than in BSA. The contents of N-
formylkynurenine were lower in BSA+Rib+aminoguanidine (]83.7%), BSA+Rib+Trolox
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(179.2%), BSA+Rib+ranitidine (.64.4%), and BSA+Rib+famotidine (]14.8%) than in BSA+Rib.
The contents of N-formylkynurenine were considerably lower in BSA+Rib+aminoguanidine
(183.4%), BSA+Rib+Trolox (150.2%), and BSA+Rib+ranitidine (|15%), and higher in BSA+
Rib+cimetidine (1125.4%) and BSA+Rib+famotidine (1103.5%) than in BSA (Figure 25,T).

The content of protein glycation products (Amadori products and AGEs) was higher
after the addition of ribose (BSA+Rib) than in BSA alone. The contents of Amadori prod-
ucts were lower in BSA+Rib+aminoguanidine (160.7%), BSA+Rib+Trolox (]46.1%), and
BSA+Rib+ranitidine (/38%) than in BSA+Rib. The contents of Amadori products were
higher in BSA+Rib+aminoguanidine (1114%), BSA+Rib+Trolox (1193.4%), BSA+Rib+ranit-
idine (1237.2%), BSA+Rib+cimetidine (1424.6%), and BSA+Rib+famotidine (1431.8%)
than in BSA. The contents of AGEs were lower in BSA+Rib+aminoguanidine (/42%),
BSA+Rib+Trolox (/.23.2%), BSA+Rib+ranitidine (]67.5%), and BSA+Rib+famotidine (/13.7%)
than in BSA+Rib. The contents of AGEs were considerably higher in BSA+Rib+aminogua-
nidine (115%), BSA+Rib+Trolox (156.7%), BSA+Rib+cimetidine (190.5%), and BSA+Rib+fa-
motidine (169.4%), and lower in BSA+Rib+ranitidine (/36.3%) than in BSA (Figure 2U,V).

The contents of PCs were higher in BSA with the addition of ribose (BSA+Rib) than
in BSA alone. The contents of PCs were lower in BSA+Rib+aminoguanidine (/47%)
and BSA+Rib+Trolox (137.6%) than in BSA+Rib. The contents of PCs were higher in
BSA+Rib+ranitidine (1147.8%), BSA+Rib+cimetidine (1138.9%), and BSA+Rib+famotidine
(1164.2%) than in BSA. The contents of TTs were higher in BSA+Rib+aminoguanidine
(1185%) and BSA+Rib+Trolox (1202.2%) than in BSA+Rib. The content of TTs was lower
in BSA+Rib than in BSA. In comparison with BSA, the content of TTs decreased after the
addition of aminoguanidine, Trolox, ranitidine, cimetidine, and famotidine to BSA+Rib
(147.9%, 44.7%, 83.2%, 82.2%, and 81%, respectively) (Figure 2W,X).

2.6. The Eéfect of H2 Inhibitors on Protein Glycoxidation, Glycation, and Oxidative Damage in
Glyoxal (GO)-Induced Albumin Glycation

The content of protein glycoxidation products (dityrosine and N-formylkynurenine)
was considerably higher in BSA samples with the addition of glyoxal than in BSA alone. The
dityrosine contents were lower in BSA+GO+aminoguanidine (]77.3%), BSA+GO+Trolox
(144.9%), BSA+GO+ranitidine (]72.7%), BSA+GO+cimetidine (145.1%), and BSA+GO+fam-
otidine (/66%) than in BSA+GO. The dityrosine contents were higher in BSA+GO+cimetidine
(162.2%) and BSA+GO+Trolox (162.6%) than in BSA. The contents of N-formylkynurenine
were lower in BSA+GO+aminoguanidine (164.4%), BSA+GO+Trolox (156.6%), BSA+GO+
ranitidine (]70.4%), BSA+GO+cimetidine (/43.7%), and BSA+GO+famotidine (]64.5%) than
in BSA+GO. The contents of N-formylkynurenine were higher in BSA+GO+aminoguanidine
(1T176.5%), BSA+GO+Trolox (1236.9%), BSA+GO+ranitidine (1130.2%), BSA+GO+cimetidine
(1337.6%), and BSA+GO+famotidine (1176.1%) than in BSA (Figure 3A,B).

The content of protein glycation products (Amadori products, AGEs) was higher
after the addition of glyoxal (BSA+GO) than in BSA alone. The contents of Amadori
products were lower in BSA+GO+aminoguanidine (]37.3%), BSA+GO+Trolox (131.9%),
BSA+GO+ranitidine (]48%), BSA+GO+cimetidine (/.39.9%), and BSA+GO+famotidine
(160.5%) than in BSA+GO. The contents of AGEs were lower in BSA+GO-+aminoguanidine
(164.9%), BSA+GO+Trolox (132.2%), BSA+GO+ranitidine (]72%), BSA+GO+cimetidine
(145.2%), and BSA+GO+famotidine (]67%) than in BSA+GO. The contents of AGEs were
considerably higher in BSA+GO+Trolox (1230.7%) and BSA+GO+cimetidine (1167.1%)
than in BSA (Figure 3C,D).

The content of PCs increased after the addition of glyoxal (BSA+GO) in compari-
son with BSA alone. The contents of PCs were lower in BSA+GO+cimetidine (]33.1%)
and BSA+GO+famotidine (]62.1%) than in BSA+GO. The content of TTs was higher in
BSA+GO+cimetidine (175.2%) than in BSA+GO. In comparison with BSA, the contents of
TTs decreased in BSA+GO and in BSA+GO after the addition of aminoguanidine, Trolox,
and famotidine (]43.5%, 48.4%, and 34.5%, respectively) (Figure 3EF).
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Figure 3. The effects of H2 inhibitors on protein glycoxidation (A,B,G,H), glycation (C,D,L]J), and oxidative damage (E,FK,L) in aldehyde-induced albumin
glycation. AGEs: advanced glycation end-products; AP: Amadori products; BSA: bovine serum albumin; DT: dityrosine; GF: glycating factor; GO: glyoxal; MGO:
methylglyoxal; NFK: N-formylkynurenine; PC: protein carbonyls; TT: total thiols; ¥ p < 0.05 vs. positive control (GF); # p < 0.01 vs. positive control (GF); ## p < 0.001
vs. positive control (GF); ### 1 < 0.0001 vs. positive control (GF); * p < 0.05 vs. negative control (BSA); ** p < 0.01 vs. negative control (BSA); *** p < 0.001 vs. negative
control (BSA); **** p < 0.0001 vs. negative control (BSA).
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2.7. The Effect of H2 Inhibitors on Protein Glycoxidation, Glycation, and Oxidative Damage in
Methylglyoxal (MGO)-Induced Albumin Glycation

The content of protein glycoxidation products (dityrosine and N-formylkynurenine)
was considerably higher in BSA samples with the addition of methylglyoxal than in
BSA alone. The dityrosine contents were lower in BSA+MGO+aminoguanidine (137.2%),
BSA+MGO+Trolox (131.9%), BSA+MGO-+ranitidine (/74.7%), BSA+MGO+cimetidine
(137.7%), and BSA+MGO+famotidine (153%) than in BSA+MGO. The dityrosine con-
tents were higher in BSA+MGO+aminoguanidine (187.7%), BSA+MGO+Trolox (1103.6%),
BSA+MGO+cimetidine (186.1%), and BSA+MGO+famotidine (140.5%) than in BSA. The
contents of N-formylkynurenine were lower in BSA+MGO-+aminoguanidine (/53.7%),
BSA+MGO+Trolox (/40.3%), BSA+MGO-+ranitidine (/76.6%), BSA+MGO+cimetidine
(136.8%), and BSA+MGO+famotidine (/54.9%) than in BSA+MGO. The contents of N-
formylkynurenine were higher in BSA+MGO+aminoguanidine (1260.1%), BSA+MGO+Tz-
olox (1363.8%), BSA+MGO+cimetidine (1391.5%), and BSA+MGO+famotidine (1250.4%)
than in BSA (Figure 3G,H).

The content of protein glycation products (Amadori products and AGEs) increased
after the addition of methylglyoxal (BSA+MGO) relative to BSA alone. The contents of
Amadori products were lower in BSA+MGO+aminoguanidine (]68.8%), BSA+MGO+Trolox
(148.4%), BSA+MGO+ranitidine (147.4%) BSA+MGO+cimetidine (/45.1%), and BSA+
MGO+famotidine (150.9%) than in BSA+MGO. The contents of Amadori products were
lower in BSA+MGO+aminoguanidine (133.7%) and higher in BSA+MGO+cimetidine
(116.6%) than in BSA. The contents of AGEs were lower in BSA+MGO+aminoguanidine
(455%), BSA+MGO+Trolox (1.55.9%), BSA+MGO-+ranitidine (175.6%), BSA+MGO+cimeti-
dine (/38.3%), and BSA+MGO+famotidine (].55.4%) than in BSA+MGO. The contents of
AGEs were higher in BSA+MGO+aminoguanidine (1119.6%), BSA+MGO+Trolox (1115%),
BSA+MGO+cimetidine (1201%), and BSA+MGO+famotidine (1117.7%) than in BSA
(Figure 31]).

The content of PCs increased after the addition of methylglyoxal (BSA+MGO) relative
to BSA alone. The contents of PCs were lower in BSA+MGO+aminoguanidine (/52%),
BSA+MGO+Trolox (132.1%), BSA+MGO-+ranitidine (/36.2%) BSA+MGO+cimetidine
(146.8%), and BSA+MGO+famotidine (/54.9%) than in BSA+MGO. The contents of PCs
decreased in BSA+MGO+aminoguanidine (130.6%), BSA+MGO-+ranitidine (/7.7%), BSA+
MGO+cimetidine (/23%), and BSA+MGO+famotidine (|34.7%) relative to BSA. The con-
tents of TTs were higher in BSA+MGO-+ranitidine (1177.4%), BSA+MGO+cimetidine
(1143.8%), and BSA+MGO+famotidine (1143%) than in BSA+MGO. In comparison with
BSA, the contents of TTs decreased in BSA+MGO and in BSA+MGO with the addition
of aminoguanidine and Trolox (147.9% and 47.3%, respectively). The contents of TTs
were higher in BSA+MGO+ranitidine (136.9%), BSA+MGO+cimetidine (120.4%), and
BSA+MGO+famotidine (120%) than in BSA (Figure 3K,L).

2.8. Antioxidant Activity of H2 Inhibitors

As the anti-glycation properties of H2 inhibitors may be due to their antioxidant
properties, their ability to scavenge free radicals and bind transition metal ions was also
assessed.

At the concentration tested (1 mM), H2 blockers had a scavenging capacity of 20-70%
for superoxide anions (*O, ), hydroxyl radicals (*OH), nitric oxide (*NO), hydrogen
peroxide (H,0,), 2,2"-azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS), and 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radicals. The strongest antioxidant properties were
found in ranitidine, which additionally had an ability to bind transition metal ions. The
iron chelating capacity of ranitidine was no different to that of Trolox, which is a potent
model antioxidant (Figure 4).
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Figure 4. The effect of H2 inhibitors on superoxide anions (*O,~, A), hydroxyl radicals (*OH, B),
nitric oxide (*NO, C), hydrogen peroxide (H2O,, D), 2,2"-azino-bis(3-ethylbenzothiazoline)-6-sulfonic
acid (ABTS, E) and 2,2-diphenyl-1-picrylhydrazyl radical (DPPH, F) scavenging activity, as well as
ferrous iron chelating (FIC, G). ** p < 0.01 vs. positive control (Trolox); *** p < 0.001 vs. positive
control (Trolox); **** p < 0.0001 vs. positive control (Trolox).

2.9. Molecular Docking Analysis

The molecular docking analysis in AutoDock Vina revealed that H2 blockers had a
low affinity for BSA (below 5 kcal/mol) (Table S2). Ranitidine exhibited the lowest affinity
for BSA in the tested group of drugs. In two binding sites, the root-mean-square deviation
(RMSD) was below 3, and in one hypothetical binding site (binding mode 1), a polar bond
was identified between ranitidine and the side chain of thyrosine-161 in BSA (Figure S2).
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3. Discussion

H2 receptor antagonists are a group of drugs that inhibit gastric juice secretion in
gastrointestinal diseases [12]. However, there is evidence to suggest that H2 blockers
have a broader spectrum of activity and can potentially deliver antioxidant effects [21,22].
Cimetidine inhibits lipid peroxidation in the gastric mucosa [33] and minimizes liver
damage caused by the excessive intake of alcohol [34]. Ranitidine exerts indirect antioxidant
effects by suppressing TNF-a in LPS-stimulated monocytes [25]. However, the antioxidant
properties of H2 blockers have not been fully elucidated, and their anti-glycation potential
has not been studied to date. Therefore, the present study was undertaken to determine the
impact of H2 antagonists on protein glycoxidation in vitro. In the analyzed group of drugs,
ranitidine was the only H2 blocker that significantly inhibited BSA glycation in all tested
models. The anti-glycation potential of ranitidine is comparable to that of aminoguanidine.

Bovine serum albumin and human albumin have a highly similar structure [35].
Bovine serum albumin contains 35 thiol groups, 34 of which are linked by disulfide bridges.
The free thiol group in albumin oxidizes and binds various ligands [36]. The thiol group
in Cys is a strong nucleophile that is easily glycated with sugar molecules to produce
S-carboxymethyl-l-cysteine (CMC) [37]. Cross-links are also formed between proteins
when thiols react with sugars. As a result, in the present study, the content of TTs de-
creased in BSA samples with the addition of all glycating sugars. The content of AGEs,
(irreversible products that are generated in the late stage of glycation from Amadori prod-
ucts in the Maillard reaction) also increased in these samples. Glycoxidation products are
highly heterogeneous, which is why the fluorescence of protein glycoxidation products
(dityrosine and N-formylkynurenine) and the concentrations of PCs were also analyzed.
In hyperglycemia, the auto-oxidation of reducing sugars leads to ROS overproduction,
which contributes to protein oxidation. Therefore, the biomarkers of BSA glycoxidation
(fdityrosine and TN-formylkynurenine), glycation (tAmadori products and TAGEs), and
oxidation (1PCs and | TTs) had to be evaluated to confirm the presence of carbonyl stress
under exposure to the applied glycating agents. Bovine serum albumin is also glycated
by dicarbonyl derivatives (GO and MGO), which are the direct precursors of Amadori
products and AGEs [31,38].

In the group of the tested H2 blockers, only ranitidine considerably decreased the BSA
glycoxidation rate. In most of the analyzed models, the contents of PCs (| PCs), protein
glycoxidation products (|dityrosine and |N-formylkynurenine), and early (JAmadori
products) and late-stage (| AGEs) protein glycation products decreased in samples of
glycated BSA with the addition of ranitidine relative to BSA with the addition of the
glycating agents (positive control). Ranitidine also increased the TT concentration in
Fru- and MGO-induced models of BSA glycation. Interestingly, in some cases, ranitidine
decreased the rate of protein glycoxidation below the level noted in BSA samples without
the addition of a glycating agent (negative control) (|dityrosine in Glc; JAGE in Glg;
ldityrosine in Fru; |N-formylkynurenine in Fru; |dityrosine in Gal; |N-formylkynurenine
in Gal; JAGE in Gal; |dityrosine in Rib; |N-formylkynurenine in Rib; JAGE in Rib; and
Jdityrosine in MGO).

To ensure objectivity, the pharmacological potential of ranitidine was compared with
that of reference substances with proven antioxidant (Trolox) and anti-glycation properties
(aminoguanidine) [39,40]. At the tested concentration (1 mM), ranitidine was as effective or
more effective than Trolox and aminoguanidine in inhibiting BSA glycoxidation (|AGE
in Glc; | dityrosine in Fru; [PCs in Fru; |dityrosine in Gal; |N-formylkynurenine in Gal;
JAmadori products in Gal; |AGE in Gal; |dityrosine in Rib; |dityrosine in MGO; and
JAGE in MGO). Trolox is a water-soluble analog of a-tocopherol with high anti-radical
activity, and it is widely used as a reference compound in assessments of antioxidant
properties [40]. Aminoguanidine is the most potent anti-glycation agent described to
date [41]. Aminoguanidine contains hydrazine which reacts with dicarbonyl compounds
to produce 3-amino-1,2 4-triazines. These compounds do not form cross-links, and they are
unable to further bind to proteins. However, aminoguanidine is strongly cytotoxic; it did not
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pass animal tests and has not been approved for medicinal use [42]. Unlike aminoguanidine,
H2 antagonists are generally well-tolerated [13]. Adverse reactions, mainly hypotension,
headache, dizziness, fatigue, diarrhea, constipation, rash, gynecomastia in men, loss of
libido, and impotence, are rarely reported. Importantly, cytotoxic effects, such as anemia,
leukopenia, and agranulocytosis, are very rarely reported [43-45].

Three groups of substances have anti-glycation properties: (1) antioxidants, (2) com-
pounds that break AGE-derived protein crosslinks (AGE-breakers), and (3) compounds
that compete with protein amino groups for the addition of carbonyl groups. Therefore, the
anti-glycation effects of H2 receptor antagonists, observed in this study, could be attributed
to their antioxidant properties. This was confirmed by the results of our research. The
tested H2 blockers had the ability to scavenge *O; ", *OH, *NO, and H,0», but also the
synthetic radicals ABTS* and DPPH®. Interestingly, the strongest antioxidant properties
were found in ranitidine, which additionally had the ability to bind transition metal ions
(TFIC). The systematic literature review (Table S1) also revealed that ranitidine and cime-
tidine are potent scavengers of *OH which are produced when Fe?* reacts with H>0O,
(Fenton reaction) [24,46—48]. In other studies, cimetidine and ranitidine reacted with *O,~
radicals [34,49]. Ranitidine was found to be the most potent scavenger of DPPH radicals
among all tested H2 blockers [19]. Ranitidine also exhibited indirect antioxidant activity by
suppressing neutrophil activation (decreased production of neutrophil elastase and *O, ™)
in vivo [22]. Ranitidine could also compete with protein amino groups for the addition of
carbonyl groups. In the group of the tested H2 blockers, ranitidine was characterized by
the lowest binding energy for BSA sites in the molecular docking analysis. In two binding
sites, the RMSD was below 3, and a polar bond between ranitidine and the side chain of
thyrosine-161 in BSA was identified in one binding site.

The anti-glycoxidative activity of ranitidine could be attributed to its molecular struc-
ture, although the present study did not provide evidence for the above. The presence
of a dimethylaminomethyl group in five-member heterocyclic rings increases a drug’s
alkalinity [50]. The heterocyclic ring and the polar part (I-N"-methyl-2-nitroethane-1,1-
diamine) are linked by a bond with thioether structure (thioethyl methylene), whereas
the presence of a nitro functional group increases lipophilicity and antihistamine activ-
ity [51]. However, ranitidine is a furan derivative. Various furan derivatives with antiox-
idant, anti-inflammatory, antiviral, and antiproliferative properties have been described
in the literature [52-54]. Furan derivatives (including natural benzofurans, furan fatty
acids, agarofurans, and furanocoumarins) have broad-spectrum pharmacological activity
(such as scavenging *OH radicals and chelating transition metal ions), and they inhibit
the activation of the NF-kB, mitogen-activated protein kinase (MAPK), and peroxisome
proliferator-activated receptor-gamma (PPAR-y) pathways in vivo [55]. Therefore, further
in vitro and in silico studies are needed to assess the extent to which the biological activity
of H2 receptor blockers is influenced by their structure.

H2 receptor antagonists have been used globally for more than four decades. Many
gastrointestinal diseases intensify oxidative and carbonyl stress, and H2 blockers with
potential antioxidant/anti-glycation activity can be helpful in optimizing pharmacotherapy.
This is the first study to describe the anti-glycoxidant properties of ranitidine. Ranitidine
is as effective as aminoguanidine and Trolox in inhibiting BSA glycation and oxidation,
which is why further research is needed, particularly in patients with diseases that promote
protein glycation (diabetes, cardiovascular, and neurodegenerative diseases). The anti-
glycation properties of ranitidine may be due to its antioxidant activity and its ability to
bind transition metal ions. The systematic literature review also revealed that H2 receptor
blockers modulate redox homeostasis, carbonyl stress, and the inflammatory response
in vivo, which also implies that further studies are recommended.

Finally, the limitations of this study and the next steps should be discussed. In this
experiment, we used sodium azide (as a preservative), which may have pro-oxidant prop-
erties. However, at the concentration used, the compound does not show this activity [56].
The effect of sodium azide was identical for all samples, and its addition was determined
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by kinetic studies of BSA glycation [57-59]. The present study cannot replace animal tests
or clinical trials, and the anti-glycoxidant effects of H2 blockers should also be examined
in vivo. It should be noted that ranitidine is biotransformed in the body, and the produced
metabolites can also exhibit anti-glycoxidant potential [60,61] The major metabolite is rani-
tidine N-oxide, and ranitidine S-oxide and desmethyl ranitidine are produced in smaller
quantities. Therefore, further research is also needed to examine ranitidine metabolites.

4. Materials and Methods
4.1. Systematic Review

The literature review was conducted from the PubMed database, and it involved
articles published between 1986 and 2023. The following keywords were used: raniti-
dine and antioxidant, ranitidine and oxidative stress, ranitidine and glycation, ranitidine
and carbonyl stress, ranitidine and advanced glycation protein products, cimetidine and
antioxidant, cimetidine and oxidative stress, ranitidine and ROS, cimetidine and ROS,
famotidine and ROS, cimetidine and glycation, cimetidine and carbonyl stress, cimetidine
and advanced glycation protein products, famotidine and antioxidant, famotidine and
oxidative stress, famotidine and glycation, famotidine and carbonyl stress, and famoti-
dine and advanced glycation protein products. The inclusion and exclusion criteria are
presented in Table 1.

Table 1. Inclusion and exclusion criteria in the systematic review.

Inclusion Criteria Exclusion Criteria
Articles in English Articles in other languages
Articles describing the antioxidant and Articles not describing the antioxidant and
antiglycemic properties of ranitidine, antiglycemic properties of ranitidine,
cimetidine, and famotidine cimetidine, and famotidine

Research articles (in vitro, ex vivo, in vivo, and
clinical studies), meta-analyses, and systematic Case studies and abstracts
literature reviews

4.2. Reagents and Equipment

All reagents for the study were supplied by Sigma-Aldrich (Niimbrecht, Germany /Saint
Louis, MO, USA). Before the study, all solutions were passed through syringe member
filters with a diameter of 0.22 mm (Biosens, Warsaw, Poland).

Absorption/ fluorescence spectra were measured with the Infinite M200 PRO multi-
mode plate reader (Tecan Group Ltd., Mdnnedorf, Switzerland).

4.3. Bovine Serum Albumin (BSA)

Bovine serum albumin was glycated using previously described methods [29,30,62-64].
BSA (purity > 98%; molar mass—66,430 Da) was dissolved in a sodium phosphate buffer
(0.1 M, pH 7.4) containing 0.2% sodium azide (as a preservative). Glycation was induced
by the use of the following sugars: glucose (Glc), fructose (Fru), galactose (Ga), and ribose
(Rib), as well as the following aldehydes: glyoxal (GO) and methylglyoxal (MGO). The
concentrations of sugars and aldehydes at which glycation was initiated and the optimal
incubation conditions were determined /validated based on the results of a previous kinetic
study. The described experimental design is routinely applied to determine the anti-
glycation and antioxidant properties of new substances. Despite the fact that the sugar,
aldehyde, and oxidant concentrations significantly exceeded physiological levels, they
were convenient for the rapid modeling of processes that occur in the human body over
weeks or months. To determine the influence of H2 blockers on protein glycoxidation, BSA
was incubated with 0.5 M of sugars for 6 days or with 2.5 mM of aldehydes for 12 h in the
dark in a shaking incubator (50 rpm; 37 °C) [29,63-65]. The concentration of BSA in the
final solutions was 0.09 mM. Two reference substances were used to compare the results
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for ranitidine, cimetidine, and famotidine: aminoguanidine (a popular inhibitor of protein
glycation) and Trolox (inhibitor of protein oxidation). Each substance was applied at a
concentration of 1 mM based on the results of in vitro kinetic studies, proportionally to
the high concentrations of glycation agents [63,64]. This study involved three independent
experiments with two replicates each.

4.3.1. Protein Glycoxidation Products: Dityrosine (DT) and N-formylkynurenine (NFK)

Dityrosine (DT) and N-formylkynurenine (NFK) were identified by measuring fluo-
rescence emission and excitation spectra at wavelengths of 325/434 nm and 330/415 nm.
The samples were diluted with 0.1 M sulfuric acid (1:5, v:v) before the measurements. The
results were standardized to the fluorescence of 0.1 mg/mL of quinine sulfate in 0.1 M
sulfuric acid [66].

4.3.2. Protein Glycation Products: Amadori products and Advanced Glycation
End-Products (AGE)

The content of Amadori products was determined in a colorimetric analysis with the
use of nitro blue tetrazolium (NBT). Absorbance was measured at a wavelength of 525 nm
based on the molar extinction coefficient for monoformazan (12,640 M~! cm~1) [32].

The content of AGEs was determined with the use of a spectrofluorometer. The
samples were diluted with PBS (1:5, v:v) before readout. AGE-specific fluorescence was
measured at a wavelength of 440/370 nm in a 96-well microplate reader.

4.3.3. Protein Oxidation Products: Protein Carbonyls (PCs) and Total Thiols (TTs)

The reaction between carbonyls and 2,4-dinitrophenylhydrazine (2,4-DNPH) in oxida-
tively damaged proteins was used to determine the content of protein carbonyls (PCs). The
absorbance of reaction products was measured in a colorimetric assay at 355 nm with the
use of the absorption coefficient for 2,4-DNPH (22,000 M~} ecm ™) [67].

Total thiols (TTs) were quantified with the use of a spectrophotometer and Ellman’s
reagent in 0.1 M of phosphate buffer. The content of TTs was read from a standard curve
for reduced glutathione (GSH) [68].

4.4. Antioxidant Activity of H2 Inhibitors

The antioxidant properties of ranitidine, cimetidine, and famotidine solutions (1 mM)
were also assessed by evaluating their effects on free radical scavenging and transition
metal binding.

4.4.1.°0O, " Scavenging Assay

The experimental procedure involved mixing x uL of the sample solution with
(2950 — x) uL of Tris-HCI buffer (0.05 M, pH 7.4, 37 °C), which also contained 1 mM
Nay;EDTA and 50 puL of pyrogallol (60 mM in 1 mM HCl, 37 °C). The mixture was then vig-
orously shaken by hand at 37 °C. The absorbance at a wavelength of 325 nm was measured
against the Tris-HCl buffer every 30 s for a duration of 5 min. These measurements were
taken at pH 7.4 [69].

4.4.2. «OH Scavenging Assay

The scavenging activity of hydroxyl radicals (¢OH) was determined using a modified
method based on Su et al. [70]. The reaction mixture contained ferrous sulfate (8 mM),
hydrogen peroxide (6 mM), distilled water (0.5 mL), samples (1.0 mL), and sodium salicylate
(20 mM) in a total volume of 2.0 mL. The mixture was incubated at 37 °C for 1 h and the
absorbance was measured at 562 nm.

4.4.3. eNO Scavenging Assay

The nitric oxide (eNO) scavenging activity of the ranitidine, cimetidine, and famotidine
samples was measured using sodium nitroprusside as the NO donor following the method
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