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Souhrn

Vzhledem ke starnuti populace a prodluzujici se délce Zivota pfedstavuje osteopordza
zavazny celosvétovy zdravotni problém. V soucCasné dobé se odhaduje, ze
osteopordzou trpi vice nez 200 miliont lidi. Zlomeniny v disledku osteoporézy jsou
naznaCuje souvislost mezi antiepileptiky a kostnimi abnormalitami. Prevalence
osteopordzy a osteopenie u dlouhodobé Ié€enych epileptikl je vysoka. Vice nez 50 %
pacientl s epilepsii ma nizkou hodnotu kostni mineralni denzity (BMD) (Ko et al.,
2020).

Cilem této disertacni prace bylo posouzeni vlivu orchidektomie a vybranych novych
antiepileptik (zonisamid, gabapentin, pregabalin, levetiracetam) na kostni

metabolismus u mladych potkanu kmene Wistar.

Byl potvrzen negativni vliv provedené orchidektomie potkant na kostni tkan po 12
tydnech. Orchidektomie vedla k statisticky vyznamnému snizeni BMD a méla negativni
vliv na mechanickou odolnost kosti. Nase vysledky potvrzuji, Zze mlady potkan po
provedené orchidektomii mize byt povazovan za vhodny zvifeci model pro studium

osteopenie.

Po 12 tydnech podavani novych antiepileptik (zonisamid, gabapentin, pregabalin,
levetiracetam) nebyl potvrzen statisticky vyznamny vliv na BMD u orchidektomovanych
potkanu ani u gonadalné intaktnich potkanu. Ve skupiné orchidektomovanych potkant
byl po podavani levetiracetamu zjistén vyznamny vzestup kostnich markert-BALP,
CTX-l a RANKL, u gabapentinu a pregabalinu vyznamny vzestup markeru kostniho
obratu RANKL. U gonadalné intaktnich potkant bylo po uzivani levetiracetamu
nameéfeno statisticky vyznamné zvySeni markerd BALP a CTX-l, u pregabalinu byl
zjistén vyznamny vzestup kostniho markeru sklerostinu. U Zadného z novéjSich vyse
uvedenych antiepileptik nebyl potvrzen statisticky vyznamny vliv na mechanickou

odolnost kosti u orchidektomovanych potkant ani u gonadalné intaktnich potkanu.

Dlouhodobé podavani novéjSich antiepileptik (zonisamid, gabapentin, pregabalin,

levetiracetam) Ize povazovat za méné rizikové z hlediska zdravi kosti.
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Summary

With an aging population and increasing life expectancy, osteoporosis represents a
major global health problem. Currently it is estimated that more than 200 million people
suffer from osteoporosis. Fractures due to osteoporosis are the major cause of
morbidity and mortality in the elderly (Compston et al., 2019). A large body of evidence
suggests an association between AEDs and bone abnormalities. The prevalence of
osteoporosis and osteopenia in long-term treated epileptics is high. More than 50% of

patients with epilepsy have low bone mineral density (BMD) (Ko et al., 2020).

The aim of the dissertation was to evaluate the effect of orchidectomy and the effect of
selected new antiepileptic drugs (zonisamide, gabapentin, pregabalin, levetiracetam)

on bone metabolism in young Wistar rats.

The negative effect on bone tissue after rat orchidectomy was confirmed after 12
weeks. Orchidectomy led to a statistically significant reduction in BMD and had a
negative effect on the biomechanical properties of bones. Our results confirm that
young rats after orchidectomy can be considered a suitable animal model for the study

of osteopenia.

After 12 weeks of administration of new antiepileptic drugs (zonisamide, gabapentin,
pregabalin, levetiracetam), there was no statistically significant effect on BMD in
orchidectomised rats or gonadally intact rats. In the orchidectomised rat group, a
significant increase in bone markers — BALP, CTX-l and RANKL — was confirmed after
the use of levetiracetam, and a significant increase in bone turnover marker RANKL
was observed after the use of gabapentin and pregabalin. In gonadally intact rats, a
statistically significant increase in the markers BALP and CTX-l was measured after
the use of levetiracetam, while a significant increase in the bone marker sclerostin was
observed with pregabalin. None of the more recent antiepileptic drugs mentioned
above has been confirmed to have a statistically significant effect on the biomechanical

properties of bone in either orchidectomised rats or gonadally intact rats.

Long-term administration of the newer antiepileptic drugs (zonisamide, gabapentin,

pregabalin, levetiracetam) can be considered as less risky for health.
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1. Uvod

Kost je metabolicky aktivni tkan, ktera je neustale pfestavovana, coz umoziuje rast v
détstvi a obnovu i adaptaci kostry v dospélosti. Béhem kostni remodelace je kostra
dospélého Clovéka obnovena pfiblizné jednou za deset let. Homeostaza kosti je slozity
proces, na kterém je podileji dva hlavni typy bunék. Osteoklasty, které maji za funkci
resorpci kostni tkané a osteoblasty tvofici novou kostni tkan. Diferenciace a aktivita
téchto dvou typd bunék musi byt pfisné koordinovana, aby bylo zachovano zdravi a
integrita skeletu po cely Zivot (Balogh et al., 2018). Za fyziologickych podminek kostni
homeostazy je osteoklasticka Cinnost uzce spjata s osteoblastickou Cinnosti tak, aby
erodovana kost byla zcela nahrazena novou kosti. NaruSeni této homeostatické
rovnovahy ve prospéch nadmérné aktivity osteoklastl vede k abnormalni remodelaci

kosti a rozvoji kostnich onemocnéni, jako je osteoporédza (Al-Bari et al., 2020).

Osteopordza je progresivni systémové onemocnéni skeletu charakterizované ubytkem
kostni hmoty a poSkozenim mikroarchitektury kostni tkané& vedouci ke zvySeni
kfehkosti kosti a naslednému zvySeni rizika zlomenin. Zlomeniny v dusledku
osteopordzy jsou hlavni pfFi¢inou morbidity a mortality starSich lidi (Compston et al.,
2019). Vzhledem ke starnuti populace a prodluzujici se délce zivota predstavuje
osteopordza zavazny celosvétovy zdravotni problém. V soucasné dobé se odhaduje,

Ze osteoporodzou trpi vice nez 200 miliond lidi (Sézen et al., 2017).

Rada dukazd naznaduje souvislost mezi antiepileptiky (AED, antiepileptic drugs) a
kostnimi abnormalitami vCetné snizeni denzity kostniho mineralu (BMD) a s tim
spojeného zvySeného rizika zlomenin. Toto riziko je vy3Si u uzivateld AED indukujici
jaterni enzymy ve srovnani s uzivateli AED neindukujici jaterni enzymy. LéCba AED je
Casto podavana po dobu nékolika let nebo celozivotné. Je velmi dulezité mit znalosti
a porozumét moznym metabolickym odchylkdm spojenym s uzivanim AED, protoze
vétSina ucinkd na kosti zGstava dlouho subklinicka a mize trvat roky, nez se projevi
klinicky (Arora et al., 2016; Pack, 2003; Barnsley et al, 2021).
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2. Kost

2.1 Anatomie kosti a funkéni morfologie kosti

Kost je specificka pojivova tkan s vysoce mineralizovanou architekturou a strukturou.
Zastava mnoho nezbytnych funkci v lidském téle. Slouzi jako mechanicka opora,
poskytuje ochranu mozku a splanchnickym organiim a je mistem hematopoézy. Kost
je také primarnim zdrojem a zasobarnou anorganickych iontl, zejména fosfatu a
vapniku, které se mohou aktivné podilet na homeostaze minerald a energetickém
metabolismu v téle (Shi et al., 2020).

Povrch kosti je tvofen vrstvou kolagenniho vaziva, které se na vnitfni strané nazyva
endost a na vnéjsi strané periost. Obé struktury se skladaji z vnéjsi vazivové tkané a
vnitfni bunééné vrstvy tvofené osteoprogenitorovymi burikami a preosteoblasty.
Endost je mnohem tencCi nez periost a zajistuje vyzivu kosti. Je také zdrojem novych
osteoblastl, které jsou potiebné k rustu a remodelaci kosti. Periost je tvofen hustym
kolagennim vazivem s Cetnymi fibroblasty, kolagennimi vliakny, cévami a je zde velké
mnozstvi nervovych zakonc€eni. Kolagenni vlakna, ktera vychazeji z vnéjsi vrstvy
periostu pfimo do kostni matrix a pevné ukotvuji periost ke kostni tkani se nazyvaji

Sharpeyova vlakna (Buck et al., 2012).

2.2 Klasifikace kosti

Kostni tkan se déli na dva typy: Primarni nezrala vlaknita kost a sekundarni zrala

lamelarni kost.

Primarni kost se vyskytuje v rané fazi ontogeneze a pfi regeneraci kosti, pozdéji je

nahrazena lamelarni kostni tkani.

Zrala lamelarni kost se podle lokalizace a zatéze déli na dva strukturni podtypy-
kompaktni (kortikalni) kost a trabekularni (spongiézni) kost. Lidska kostra se sklada
priblizné z 20 % z trabekularni kosti a z 80 % z kortikalni kosti (Chappard et al., 2008;
Barnsley et al., 2021). Kortikalni kost je tvofena lamelami ze svazk( paralelné
uspofadanych kolagennich vlaken v amorfni mezibunééné hmoté. Lamely jsou

koncentricky uspofadany kolem centralniho (Haversova) kanalku, ktery obsahuje
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krevni kapilary a nervova vlakna. Osteon, neboli Haversuv systém je zakladni stavebni
jednotkou kosti. Pro komunikaci s ostatnimi Haversovymi kanalky slouzi
Sikmé Volkmannovy kanalky, které zajiStuji pfivod cév a nervovych vlaken z periostu
k Haversovym kanalkim. Volkmannovy kanalky nejsou obaleny lamelami (Cowan et
al., 2023).

Kompaktni a spongidzni kost jsou si velmi podobné svym bunécnym a molekularnim
slozenim, ale vyrazné se liSi svou funkci a mechanickymi vlastnostmi (Grabowski,
2009). Kompaktni kost je husta, tvrda kostni tkan s nizkou mirou kostniho obratu,
pfiblizné 3 % ro¢né. UdrZuje mechanickou pevnost a integritu kosti. Naproti tomu
trabekularni kost, ktera se nachazi pfedevsim v dutiné dlouhych kosti a obratlich, ma
rychlost kostniho obratu pfiblizné 26 % za rok, ma nizSi obsah mineralizovanych latek
a je metabolicky aktivngjsi. Klinicky vyznamné je, Ze vétSina osteoporotickych
zlomenin se vyskytuje v trabekularni kosti, ktera podléha remodelaci mnohem vice nez
kortikalni kost (Barnsley et al., 2021).

Kompaktni kost tvofi diafyzu dlouhych kosti. Jedna se o systémem paralelné
uspofadanych osteonu, povrch sestava z rovnobézné probihajicich kostnich lamel.
Spongiodzni kost se vyskytuje v epifyzach dlouhych kosti a kratkych kostech. Je
tvofena lamel6zné uspofadanymi tramci kosti, vytvarejimi prostorovou sit. Tvar této
sité se méni v prubéhu celého Zivota diky pasobeni riznych mechanickych sil (Brandi,
2009).

2.3 Slozeni kosti

Slozeni kosti se liSi s ohledem na vék, anatomické umisténi, zpusobu stravovani a
vlivu onemocnéni. Obecné se kost dospélého Clovéka sklada z bunék a extracelularni

kostni matrix, ktera tvofi 90 % celkového objemu kosti.

2.3.1 Kostni matrix

Kostni matrix obsahuje organické (35 %) a anorganické (65 %) slozky, vodu (5-10 %)
a lipidy (1-5 %).

14



Anorganicka slozka

Anorganickou slozku tvofi pfevazné vapnik a fosfor ve formé hydroxyapatitu, zbytek
tvofi uhliCitan vapenaty, fluorid vapenaty a hofeCnaty. Obsah mineralnich latek je
rozhodujici pro mechanické vlastnosti kosti. VSechny mineralni latky dodavaji kostni
tkani pevnost. S klesajicim obsahem minerall v kosti klesa pevnost kosti a zvySuje se
riziko zlomenin (Lin et al., 2020; Wang et al., 2010).

Organicka slozka

Organicka matrix, tvofena osteoblasty, se sklada predevSim z kolagenu typu |
(pfiblizné 90 %). Jedna se o trojitou Sroubovici tvofenou jednim Fetézcem a2 a dvéma
fetézci a1. Organicka matrix obsahuje také proteoglykany, které jsou charakterizovany
pfitomnosti glykosaminoglykanovych (GAG) zbytkG kovalentné vazanych na
proteinové jadro. Mezi 5 typu GAG zbytkl, které se v proteoglykanech vyskytuji, patfi
keratansulfat, chondroitinsulfat, heparansulfat, kyselina hyaluronova a dermatansulfat.
Soucasti organické matrix jsou také glykoproteiny obsahujici kovalentné pfipojené
molekuly sacharidd na bilkovinném fetézci v rdznych kombinacich a polohach
(osteokalcin, osteonektin, kostni sialoprotein, osteopontin) a rastové faktory. Mezi
rustové faktory Fadime zejména kostni morfogenetické proteiny, rodinu
transformujicich rastovych faktord, interleukin-1, interleukin-6. VSechny tyto faktory
hraji dalezitou roli v osteogenezi, mineralizaci a remodelaci kosti. Organicka matrix
dava kosti jeji tvar a zajiStuje odolnost vac&i tahovym silam (Shi et al., 2020; Buck et
al., 2012; Lin et al., 2020).

2.3.2 Bunky kostni tkané

Kost ma schopnost sebeobnovy, dokaze pfi metabolickych narocich pruzné uvolhovat
zasoby minerall a pretvaret strukturu na zakladé mechanickych podnétu. Na tvorbé,
resorpci a udrzovani kosti se podileji rizné typy bunék: osteoblasty, osteocyty a
osteoklasty (Shi et al., 2020). Kostni buriky tvofi asi 10 % celkového objemu kosti.
Vznikaji ze dvou bunécnych linii: z mezenchymalnich kmenovych bunék, které se
nasledné diferencuji v osteoblasty a osteocyty, a osteoklastl, které jsou

hematopoetického ptvodu (Buck et al., 2012).
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Osteoblasty

Osteoblasty pochazeji z multipotentnich mezenchymalnich kmenovych bunék (MSC).
Aby mohly plnit svou ulohu, musi MSC nejprve migrovat do mista aktivni kostni
resorpce, kde se proliferuji a diferencuji v aktivni osteoblasty. Migrace MSC je
regulovana rustovymi faktory ulozenymi v kostni matrix a uvolfiovanymi béhem kostni
resorpce. Zejména se jedna o transformuijici ristovy faktor beta 1 (TGF-p1), rastovy
faktor odvozeny od desti¢ek (PDGF), kostni morfogeneticky protein 2 (BMP2) a kostni
morfogeneticky protein 4 (BMP4) (Balogh et al., 2018).

Osteoblasty jsou mononuklearni buriky kubického tvaru s Cetnymi vybézky, kterymi
jsou v kontaktu s dalSimi osteoblasty. Nachazeji se na povrchu tvoficich se kostnich
tramcUl, usporadané jako jednovrstevny epitel v fadé vedle sebe, ale postupné se
zanofuji do nové tvofené kosti. Osteoblasty tvofi 4-6 % vSech kostnich bunék. Z
funkéniho hlediska jsou osteoblasty dobfe znamy pro své vyrazné kostitvorné
schopnosti prostfednictvim syntézy a ukladani organické matrix a ucasti na nasledné
mineralizaci kosti. BEhem tohoto procesu osteoblasty produkuji kolagen, pfevazné
kolagen typu I, nekolagenni proteiny a proteoglykany, které tvofi organickou matrix.
Osteoblasty také vykazuji aktivitu kostni izoformy alkalické fosfatazy (BALP), ktera
pfispiva k mineralizaci kosti. Zivotnost osteoblastt je 1 az 10 tydnd. Cast osteoblasti
se méni na osteocyty (cca 15 %) a €ast na tzv. kost lemujici bunky (bone lining cells),
zbytek podléha apoptoze. (Balogh et al., 2018; Shi et al., 2020).

Osteocyty

Osteocyty jsou nejhojnéji zastoupenou skupinou bunék, tvofi 90 % vSech kostnich
bunék. Vznikaji z osteoblastd obklopenych organickou matrix. Funguji jako primarni
mechanosenzory a hraji kliCovou roli pfi iniciaci remodelace kosti. Tvofi lakuny a jsou
spojeny s ostatnimi osteocyty a kostnim povrchem kanalky, umoziujici kosti reagovat
na stimul ve velkém rozsahu. Signalizuji nutnost reparace na nejvice namahanych
mistech kosti, udrzuji homeostazu vapniku. Zivotnost osteocytt je kolem 25 let (Balogh
et al., 2018; Shi et al., 2020).

16



Kost lemujici bunky

Kost lemujici buriky (Bone-linig cells, BLCs) jsou hojné zastoupenym, avSak malo
prozkoumanym typem bunék v kostech. Jedna se o neaktivni osteoblasty vyznacujici
se dlouhym Stihlym vzhledem a nachazejici se na povrchu kosti. Podileji se na
normalni kostni remodelaci a jsou zdrojem aktivnich osteoblastu. Napf. kratkodoba
|éCba parathormonem muze vyvolat pfeménu BLC na aktivni osteoblasty. Pfedpoklada
se, ze kost lemujici buriky hraji roli v kostni remodelaci tim, Ze brani nevhodné interakci

prekurzorl osteoklastl s povrchem kosti (Lee et al., 2021).

Osteoklasty

Osteoklasty jsou velké vicejaderné buriky, které pochazeji z bunék monocyto-
plné mineralizovanou kost. Resorpce zacina aktivaci osteoklastu, ktera vyzaduje, aby
se osteoklasty pfipojily k povrchu kosti. K resorpci kosti pak dochazi v resorpénich
jamkach tzv. Howshipovych lakunach, ktera jsou mistem uvolfiovani proteolytickych
enzymU a kyselin za u€elem degradace matrix a rozpousténi minerall. Po procesu
degradace se osteoklasty stavaji neaktivnimi nebo pfimo odumiraji prostfednictvim
bunécné apoptdzy. Je znamo mnoho hormonu a cytokinG, které reguluji tvorbu a
aktivitu osteoklastd, v€etné ligandu vazajiciho se na receptor aktivujici nuklearni faktor
kappa B (RANKL), osteoprotegerinu, interleukinu-1, interleukinu-6, faktoru
stimulujiciho kolonie makrofagu, parathormonu, 1,25-dihydroxyvitaminu D a
kalcitoninu (Buck et al., 2012; Shi et al., 2020).

2.4 Kostni modelace

Proces kostni modelace je zodpovédny za tvorbu a udrzovani tvaru kosti. Kostni
modelace probiha odstranénim €asti kosti z jednoho mista a tvorbou kosti na jinych
mistech nezavislym plsobenim osteoblastl a osteoklastd. K modelaci dochazi nejen
béhem rastu, ale také nizkou mérou po cely Zivot, v reakci na mechanickou zatéz
(Langdanhl et al., 2016).
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2.5 Remodelace kosti

Udrzovani kostni struktury je neustaly proces s dynamickou rovnovahou mezi kostni
formaci a resorpci. Nejprve dochazi k odstranéni staré kostni tkané osteoklasty a
nahrazeni nové vytvofenou kostni tkani osteoblasty. Rovnovaha mezi obéma fazemi
je klicova pro udrzeni kostni hmoty (Siddiqui et al., 2014; Barnsley et al., 2021).
Poruchy v tomto procesu mohou podporovat bud zvySeny nebo sniZzeny kostni obrat.
Hustota kostniho mineralu je nejvysSi mezi 20.-30. rokem a poté postupné klesa
(Svalheim 2011). Kostra dospélého Clovéka je kompletné remodelovana kazdych 10
let (Langdahl et al., 2016). Kostni remodelace slouzi k udrZzeni mechanické integrity
kosti a regulaci kalciofosfatového metabolismu. U zdravych jedincd se kazdy rok timto
procesem obnovi cca 10 % kostry. Remodelace probiha jak v kosti tramcité, tak i
v kortikalni kosti. K remodelaci dochazi v tzv. zakladnich mnohobunécnych jednotkach
kosti (BMU-basic multicellular unit) a cely cyklus trva 120-200 dni. Je odhadovano, ze
se kazdoroCné aktivuji 3—4 miliony remodelacnich jednotek, z Cehoz je aktualné
aktivnich asi 1 milion. Cyklus remodelace probiha v péti po sobé jdoucich fazich:

aktivace, resorpce, reverze, formace a ukoncéeni (Kenkre et al., 2018).

Aktivace

Prvni faze remodelace kosti zahrnuje detekci iniciaCniho remodelaéniho signalu.
Signalem muze byt pfimé mechanické namahani kosti, které vede ke strukturalnimu
poskozeni nebo pusobeni hormonl (napf. estrogenu nebo parathormonu) na
osteocyty, které jsou v pfimém kontaktu s kost lemujicimi burikami. Aktivace klidového
povrchu kosti je zprostfedkovana osteocyty, které exprimuji peptid tzv. ligand vazajici
se na receptor aktivujici nuklearni faktor kappa B (RANKL-receptor activator of nuclear
factor kappa B ligand), ktery interaguje s receptorem aktivujicim nuklearni faktor kappa
B (RANK) na prekurzorech osteoklastu, které se nasledné diferencuji v mnohojaderné
osteoklasty. Exprese faktoru stimulujiciho kolonie makrofagli (M-CSF) v osteoblastech
rovnéz podporuje diferenciaci prekurzorl osteoklastl. Osteoblasty produkuji fadu
chemokinu, které aktivuji prekurzory osteoklastl, a matrixové metaloproteinazy, které
degraduji nemineralizovany osteoid a odhaluji adhezni mista pro uchyceni osteoklast(
(Barnsley et al., 2021).
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Resorpce

Osteoklasty zodpovidaji za kostni resorpci. Pumpuji vodikové protony, které jsou
tvofeny karboanhydrazou Il do resorpcniho oddilu tzv. Howshipové lakuny, kde
rozpoustéji kostni mineral. Nasledné je kostni matrix bohata na kolagen degradovana
proteazami jako je kysela fosfataza, katepsiny, glykosidaza, sulfataza, kolagenaza.
ResorpCni faze je ukonfena programovanou buné&fnou smrti osteoklastl, ktera
zajistuje, ze nedochazi k nadmeérné resorpci kosti (Kenkre et al., 2018; Barnsley et al.,
2021).

Reverzni faze

Reverzni faze neboli faze zvratu zacina osteoklastickou signalizaci, ktera pretrvava
priblizné 4 az 5 tydnl a je v kone¢ném dusledku zodpovédna za kli¢ové propojeni
osteoklastické a osteoblastické aktivity pozorované v mistech remodelace. Do mist
resorbované kosti nasedaji osteoblasty a pfipravuje se novotvorba kosti (Kenkre et al.,
2018; Barnsley et al.,2021).

Faze tvorby

Faze tvorby trva pfiblizné 4 mésice. Osteoblasty syntetizuji a vylu€uji osteoidni matrix
bohatou na kolagen typu 1 a podileji se na regulaci mineralizace osteoidu. Tvorba kosti
je dokoncena, kdyZ je osteoid postupné mineralizovan zabudovanim hydroxyapatitu.
Na konci tvorby kosti je pfiblizné 10 az 15 % zralych osteoblastd obklopeno novou
kostni matrix a diferencuje se v osteocyty. Osteocyty hraji kliCovou roli pfi signalizaci
konce remodelace. V klidovém stavu osteocyty exprimuji sklerostin, ktery brani

signalizaci WNT v osteoblastech (Kenkre et al., 2018; Barnsley et al., 2021).

Terminace

Remodelaéni cyklus kongi sérii dosud neuréenych ukon&ovacich signalll. Znovu se

obnovi klidovy povrch kosti az do dalSiho cyklu. (Barnsley et al., 2021).
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Obr. 1: Znazornéni remodelace kosti (Kenkre et al., 2018)

2.6 Regulace kostni remodelace

Metabolismus kostni tkané je regulovan mnoha endokrinnimi a parakrinnimi signaly.

2.6.1 Systémova regulace

2.6.1.1 Hormony regulujici hladinu vapniku

Parathormon (PTH)

PTH je hormon syntetizovany a vyluéovany pF‘l’étl’tnymi télisky. Parathormon je
stimulaci kostni resorpce, zvySuje renalni tubularni reabsorpci vapniku a renalni
produkci kalcitriolu. PTH miiZze mit na kost katabolické i anabolické Gginky. Uginek PTH
na indukci tvorby osteoklastu je zprostfedkovan pres osteoblasty stimulaci RANKL a

inhibici exprese mRNA osteoprotegerinu (OPG). Nizka koncentraci PTH stimuluje
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tvorbu kosti a naopak pfi kontinualni sekreci vysokych hladin PTH dochazi k resorpci
kosti (Siddiqui et al., 2016; Hadjidakis et al., 2006).

Calcitriol (1,25(0OH)2 Vitamin D3)

Kalcitriol, nazyvany také 1,25 dihydroxyvitamin D, se tvofi z vitaminu D3 nejprve 25-
hydroxylaci v jatrech a naslednou 1-hydroxylaci v ledvinach. Kalcitriol je nezbytny pro
zvyseni stfevni absorpce vapniku a fosforu, reabsorpci vapniku v ledvinach, a tim
podporuje mineralizaci kosti. Kromé& toho ma vyznamné anabolické uc€inky na kost
aktivaci osteoblastu k syntéze kolagenu a inhibici osteoklastické aktivity. Tvorba
kalcitriolu je regulovana PTH v zavislosti na koncentraci vapniku v krvi. Vitamin D neni
esencialnim prvkem potravy a muze se vytvaret v kdzi pasobenim ultrafialového
slune€niho zafeni z 7-dehydrocholesterolu. Nedostatek vitaminu D zpUsobuje
patologickou mineralizaci kosti a vede k onemocnéni, které se u déti nazyva kfivice a

u dospélych osteomalacie (Ko et al., 2020; Office of the Surgeon General, 2004).

Kalcitonin (CT)

Kalcitonin (CT) je hormon o 32 aminokyselinach, ktery je vyluCovan
parafolikularnimi (C-burikami) §titné zlazy. Kalcitonin ma opacny uc€inek nez PTH.
Kalcitonin muze blokovat kostni resorpci pfimou inaktivaci osteoklastu. Snizuje hladinu
vapniku v séru nejen omezenim Kkostni resorpce, ale i zvySenim pfijmu vapniku
travicim traktem. Nadbytek nebo nedostatek kalcitoninu u dospélych nezplsobuje
problémy s udrzenim koncentrace vapniku v krvi nebo pevnosti kosti. (Ko et al., 2020;
Office of the Surgeon General, 2004; Siddiqui et al., 2016).

2.6.1.2 Pohlavni hormony

Zenské a muzské pohlavni hormony jsou velmi dileZité pro regulaci ristu kostry,

udrzovani kostni hmoty a pevnosti kosti.
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Estrogeny

Jsou identifikovany Ctyfi typy estrogenud: nejznaméjsi a nejucinnéjsi 173-estradiol (E2)
syntetizovany ve vajeCnicich od puberty do menopauzy, estron (E1) produkovany
béhem menopauzy, estriol (E3) uvolfovany béhem téhotenstvi placentou a estetrol
(E4) syntetizovany jatry plodu. Estrogeny jsou jednim z hlavnich hormonalnich
regulatorti kostniho metabolismu u Zzen i muzi. Postmenopauzalni osteoporéza je
charakterizovana zvySenou osteoklastickou resorpci kosti oproti osteoblastické tvorbé
kosti, coz vede k ubytku kostni hmoty (Kenkre, 2018). Estrogeny pusobi
prostfednictvim dvou receptorl, estrogenového receptoru alfa (ERa) a beta (ERpB),
oslabuji osteoklastogenezi a stimuluji apoptézu osteoklastl. Snizuji reaktivitu
progenitorovych bunék osteoklastl na RANKL, &imz zabrarnuji tvorbé aktivnich
osteoklastl. Kromé toho estrogeny stimuluji proliferaci osteoblastl a snizuji jejich
apoptézu. Bylo také prokazano, ze estrogeny moduluji produkci Fady cytokind
podporujicich obnovu kosti, v¢etné IL-1, IL-6, TNF-a, M-CSF a prostaglandinG
(Hadjidakis et al., 2006; Siddiqui et al., 2016; Noirrit-Esclassan et al., 2021).

Androgeny

Androgeny jsou nezbytné pro rist a udrzovani kostry prostfednictvim jejich uc€inku na
androgenni receptor, ktery je pfitomen ve vSech typech kostnich bunék (Hadjidakis et
al., 2006). Nedostatek androgenu vede u muzu ke zvysSené kostni remodelaci a ubytku
kostni hmoty. Urc€ita €ast ubytku kostni hmoty je zpusobena i snizenou hladinou
estrogent vznikajicich konverzi testosteronu prostfednictvim enzymu aromatazy v
tukovych bunkach. Ve skuteCnosti maji starSi muzi vySSi hladiny cirkulujicich
estrogenu nez zeny po menopauze (Office of the Surgeon General, 2004; Leder et al.,
2020). Nejnovéjsi dukazy naznadluji, ze androgeny mohou nepfimo inhibovat aktivitu
osteoklastll a resorpci kosti puUsobenim na osteoblasty/osteocyty a systém
RANKL/RANK/OPG (Kenkre et al., 2018).
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2.6.1.3 Hormony stitné zlazy

Osa hypotalamus-hypofyza-stitna Zlaza hraje dalezitou roli ve vyvoji kosti po dobu
fetalniho obdobi, po dobu modelace v détstvi a béhem remodelace v dospélosti.
Hormony S§titné Zlazy stimuluji resorpci i tvorbu kosti. Tyreotoxikdza je prokazanou
priinou sekundarni osteopordzy a je spojena jak se zvySenou osteoblastickou tvorbou
kosti, tak se zvySenou osteoklastickou resorpci kosti. Dochazi ke zvySeni kostniho
obratu s naruSenym cyklem tvorby kosti, coz vede k remodelaénimu procesu
upfednostiujicimu rychlou resorpci, majici za nasledek 10% ztratu kosti na jeden
remodelacni cyklus (Kenkre et al., 2018; Siddiqui et al., 2016). Naproti tomu
nedostatek hormona §titné Zlazy vede k prodlouzeni cyklu remodelace kosti s nizkym

kostnim obratem (Kenkre et al., 2018).

2.6.1.4 Glukokortikoidy

Glukokortikoidy mohou ovliviiovat fyziologickou kostni remodelaci zvySenim kostni
resorpce a snizenim kostni formace. Glukokortikoidy inhibuji diferenciaci a funkci
osteoblastl a zvysuji jejich apoptézu. Naopak zvySuji osteoklastickou resorpci kosti
snizenim exprese OPG a zvySenim exprese RANKL osteoblasty a zvySenim exprese
RANK v osteoklastech. Dlouhodoba lé¢ba glukokortikoidy sniZuje hustotu kostniho
mineralu a muze vést k rozvoji glukokortikoidy indukované osteopordzy.
Glukokortikoidy navic negativné reguluji sekreci androgent a estrogenu inhibici
sekrece gonadotropinu a v kone¢ném dusledku zvysSuji kostni resorpci. Vyvolavaiji také
negativni bilanci vapniku snizenim stfevni absorpce vapniku a jeho zvySené
vylu€ovani moci (Kenkre et al., 2018; Siddiqui et al., 2016; Hadjidakis et al., 2006).

2.6.1.5 Rastovy hormon (GH), inzulinu podobny ristovy faktor | (IGF-I)

Rustovy hormon (GH) je peptidovy hormon o 191 aminokyselinach tvofeny pfednim
lalokem hypofyzy. Jedna se o dulezity regulator rustu kostry, lidé s nedostatkem GH
maji narusSeny longitudinalni rast kosti. Suplementace GH u dospélych a déti s jeho
nedostatkem ma pozitivni u€inky na skelet, v€etné zvySeni BMD a markeru kostniho

obratu. GH spolu se svym vazebnym proteinem (GHBP) stimuluje proliferaci
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osteoblastd a produkci kolagenu bud pfimo prostfednictvim GH receptoru (GHR)
a/nebo nepfimo stimulaci jaterni a kosterni exprese IGF-I a vazebného proteinu IGF
(IGFBP) (Siddiqui et al., 2016; Office of the Surgeon General, 2004).

Inzulinu podobny rastovy faktor | (IGF-1) je polypeptidovy anabolicky hormon
obsahujici 70 aminokyselinovych zbytkl. Je vytvaren ve velkém mnozZstvi v jatrech,
kde je jeho syntéza zavisla na rastovém hormonu a uvolfiovan do obéhu. K produkci
dochazi i lokalné v jinych tkanich, zejména v kostech, rovnéz pod kontrolou ristového
hormonu. Produkci IGF-I v osteoblastech stimuluje také PTH, hormony §titné Zlazy a
estrogeny, naopak glukokortikoidy pusobi inhibicné. Hraje kliCovou roli ve vSech
aspektech vyvoje skeletu a remodelace kosti podporou proliferace, diferenciace a
funkce chondrocyt(, osteoblastl a osteoklastu (Lee et al., 2021; Office of the Surgeon
General, 2004). Primarni funkci IGF-I je udrzovani kostni hmoty a homeostazy skeletu
béhem remodelace (Siddiqui et al., 2016). Studie potvrdily, Ze IGF-I pozitivhé koreluje
s kostni denzitou a v krvi pacientd s osteoporézou je vyznamné snizen (Feng et al.,
2021). U mysi vyfazeni IGF-I bylo spojeno s poklesem poctu osteoblastt a snizenou
schopnosti tvorby kosti (Salih et al., 2005). V pfedpubertalnim obdobi uréuje
longitudinalni rast kosti a ziskani maximalni kostni hmoty. V osteoblastech pusobi
IGF-I stimulacné na novotvorbu kosti zvySenim tvorby kolagenu typu | a syntézou
osteoprotegerinu. Pravdépodobné podporuje také tvorbu RANKL v osteoblastech a

tim stimuluje osteoklastogenezi (Ueland 2005).

2.6.2 Lokalni regulace

2.6.2.1 Signalni draha RANKL/RANK/OPG

Identifikace signalni drahy RANKL/RANK/OPG v 90. letech 20. stoleti znamenala
zasadni prulom v pochopeni regulace osteoklastogeneze v remodelacnim cyklu
(Kenkre et al., 2018).

Osteoblastické bunky produkuji faktor stimulujiciho kolonie makrofagt (M-CSF-
makrophage colony stimulating factor) a ligand vazajici se na receptor aktivujici
nuklearni faktor kappa B (RANKL- receptor activator of nuclear factor kappa B ligand),
které se vazou na receptory na prekurzorech osteoklastu, stimuluji jejich proliferaci a

diferenciaci a zvySuji aktivitu osteoklastd. RANKL je novy &len rodiny ligand tumor
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nekrotizujiciho faktoru (TNF), oznaCovany také jako TRANCE (TNF-related activation-
induced cytokine) nebo osteoprotegerin ligand (OPGL). RANKL interaguje s
receptorem na prekurzorech osteoklastll zvanym RANK (receptor aktivujici nuklearni
faktor kappa B). Interakce RANKL/RANK vede k aktivaci, diferenciaci a fuzi
hematopoetickych bunék linie osteoklastl, které tak zahaji proces resorpce. Kromé
toho také prodluzuje pfezivani osteoklastli potlagenim jejich apoptézy. Uginky RANKL
jsou blokovany osteoprotegerinem (OPG), sekre¢nim dimernim glykoproteinem
patficim do rodiny receptort TNF s molekulovou hmotnosti 120 kDa. OPG funguje jako
antagonista pro RANKL a je produkovan pfedevsim burikami osteoblastové linie, ale
muze byt produkovan i jinymi bufikami v kostni dfeni. Po navazani OPG na RANKL se
zablokuje schopnost tohoto ligandu vazat se na RANK. OPG reguluje kostni resorpci
tim, Ze inhibuje kone¢nou diferenciaci a aktivaci osteoklastu a indukuje jejich apoptdzu.
Snizena produkce OPG zpUsobuje osteopordzu (Kenkre et al., 2018; Hadjidakis 2006).
Parathormon, interleukin-11, prostaglandin E2 (PGE2) a 1,25-dihydroxyvitamin D
zvysuji expresi RANKL na povrchu osteoblastl, a tim indukuji aktivitu osteoklastu.
(Lee et al., 2021). Pomér RANKL-OPG je dulezitym regulatorem kostni hmoty a
integrity skeletu (Balogh et al., 2018).
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Obr. ¢. 2: Signalni draha RANKL/RANK/OPG (Richards et al., 2012)

25



2.6.2.2 Kostni morfogenetické proteiny (BMPs)

Kostni morfogenetické proteiny (BMPs-Bone morphogenetic proteins) jsou
sekretované signalni molekuly patfici do nadrodiny rastovych faktordt TGF-B
(transforming growth factor-g). U lidi bylo identifikovano vice nez 20 ¢lenu, které hraji
riznou funkci v prubéhu procest embryogeneze, kostni tvorby, hematopoézy a
neurogeneze (Bragdon et al 2011). BMPs jsou syntetizovany jako neaktivni velké
polypeptidy o pfiblizné 400-525 aminokyselinach, které obsahuji signalni peptidy na
svych amino koncich a zralé polypeptidy na karboxylovych koncich. BMPs jsou
homodimery o velikosti 30 az 38 kDa a vSechny maji podobné sekvence. Monomery
BMPs obsahuji sedm cystein(, z nichz Sest tvofi intramolekularni disulfidové vazby.
Zbyvajici sedmy cysteinovy zbytek se podili na dimerizaci s jinym monomerem BMPs
prostifednictvim kovalentni disulfidové vazby, ¢imz vznika biologicky aktivni dimerni
ligand pro aktivaci receptoru BMPs (Katagiri et al., 2016; Chen et al., 2004). BMPs
ucinkuji prostfednictvim dvou typul serin-threoninovych kinazovych
transmembranovych receptoru, receptoru typu | (Receptor typu IA a IB) a typu Il.
Navazanim BMP na receptor typu Il dojde k fosforylaci a nasledné aktivaci receptoru
typu I. Po navazani BMP na receptor typu | dochazi k fosforylaci transkripnich faktort
Smad1/Smad5/Smad8, které spolu se Smad4 vytvafi komlex. Tento komplex se
presouva do jadra bunky, kde navozuje transkripci cilovych genl (Katagiri et al., 2016;
Wang et al 2014). Poprvé byla aktivita BMPs popsana v poloviné 60. let minulého
stoleti, kdy byla zjiSténa jejich schopnost indukovat ektopickou kostni tvorbu. BMPs
zaujimaji kliCovou roli pfi diferenciaci mezenchymalnich kmenovych bunék na
osteoblastickou linii. Navic se BMPs podileji na enchondralni osifikaci a
chondrogenezi. Bylo zjisténo, Zze BMP-2, -4, -5, -6 a -7 maji silnou osteogenni
schopnost a jejich signalizace je nezbytna pro remodelaci kosti a udrzeni kostni hmoty
prostfednictvim aktivace receptort BMP typu IA a IB (Siddiqui et al., 2016; Lademann
et al., 2020). BMP-2, enormné zvySuje expresi osteokalcinu a kratkodoba exprese
BMP-2 je dostateCna k indukci tvorby kosti. Ztrata BMP-2 i BMP-4 vedla k zavaznému
naruSeni osteogeneze (Siddiqui et al., 2016).
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2.6.2.3 Sklerostin

Sklerostin je maly glykoprotein exprimovany genem SOST v osteocytech, ktery je
znam jako negativni regulator tvorby kosti. Ackoli byl sklerostin plvodné popsan jako
antagonista BMP, nyni je studovan predevSim jako negativni regulator signalizace
Wnt. Signalizace Wnt se ukazala jako dulezita regulaéni draha pfi osteogenni
diferenciaci mezenchymalnich kmenovych bunék. Indukce signalni drahy Wnt
podporuje tvorbu kosti, zatimco inaktivace této drahy vede k osteopenickym stavim
(Kim et al., 2013). Navazanim sklerostinu na své receptory na povrchu bunék
osteoblastl se spusti nasledna kaskada intracelularni signalizace, jejimz kone€nym
ucinkem je inhibice osteoblastické tvorby kosti. Bylo prokazano, Ze slou€eniny, které
inhibuji sklerostin, stimuluji tvorbu kosti a sniZuji kostni resorpci, pfiCemz dochazi k
vyraznému zvySeni BMD. Produkci sklerostinu osteocyty inhibuje parathormon,
mechanicka zatéz, estrogen a cytokiny vcetné prostaglandinu E2. Produkci
sklerostinu zvySuje kalcitonin (Lewiecki, 2014; Appelman-Dijkstra et al., 2014; Wang
et al., 2021).

2.7 Markery kostniho obratu

Markery kostniho obratu umoznuji hodnotit resorpci a tvorbu kosti méfenim jejich
koncentrace v krvi a/nebo moc€i a odrazi aktivitu kostni remodelace, pficemz samy
nemaji zadnou kontrolni nebo regulacni funkci v kostnim metabolismu (Eastell et al.,
2017; Vasikaran et al., 2011). Idealni kostni marker je specificky pro kostni tkan a pro
jeho analyzu je k dispozici pfesna a precizni laboratorni metoda (Hlaing et al., 2014).
V klinické praxi je hlavni indikaci ke stanoveni kostnich marker( monitorovani efektu
[éCby. Mohou byt napomocné také pfi hodnoceni rizika vzniku zlomenin spolu
s méfenim hodnoty BMD a zhodnocenim dalSich klinickych rizikovych faktor(
(Vasikaran, 2008). RozliSujeme markery novotvorby kosti reflektujici enzymatickou
aktivitu osteoblastl a syntézu bilkovin kostni matrix a markery odbouravani kosti, které
reflektuji enzymatickou aktivitu osteoklastl a degradaci bilkovin kostni matrix (Hlaing
et al., 2014). Vyhodou kostnich markeru je jejich dostupnost a snadny odbér naopak

nevyhodou je biologicka a cirkadianni variabilita.
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2.7.1 Markery kostni formace

2.7.1.1 Kostni alkalicka fosfataza (BALP)

Kostni alkalicka fosfataza (BALP) je jednim z nejCastéji pouzivanych biochemickych
markerU tvorby kosti. Je produkovana osteoblasty a jeji hladina pozitivné koreluje s
mirou tvorby kosti méfenou histomorfometricky. Kostni ALP ma nizkou biologickou
variabilitu a neni ovlivnéna pfijmem potravy ani funkci ledvin (Hlaing et al., 2014).
RozliSujeme 4 izoenzymy alkalické fosfatazy (ALP) — stfevni, embryonalni, placentarni
a tkanové nespecifické (kostni, jaterni a ledvinova izoforma enzymu). Kostni izoenzym
je kli¢ovy pfi mineralizaci osteoidu. U zdravych jedincl pfevazuje jaterni a kostni ALP,
které tvofi pfiblizné 90 % celkové ALP (Brady et al., 2018). Fyziologicky zvySené

hodnoty nalézame u déti a v adolescenci.

2.7.1.2 Osteokalcin (OC)

Osteokalcin (OC) je maly nekolagenni protein, ktery je po kolagenu hlavni bilkovinou
kostni matrix. Je syntetizovany osteoblasty a jeho syntéza je stimulovana 1,25-
dihydroxyvitaminem D. Pfed uvolnénim do extracelularni matrix prochazi OC gama-
karboxylaci, béhem které se kyselina gama-karboxyglutamova vaze v polohach 17, 21
a 24. Na této reakci se podili gama-karboxylaza a je nutna pfitomnost vitaminu K.
Proces karboxylace vede ke konformaéni zméné proteinu, ktera umozruje vazbu OC
s hydroxyapatitem a mineralizaci kostni matrix. Pouze 10-30 % syntetizovaného
osteokalcinu se dostane do obéhu a zbytek zustava vazan v kostni matrix. PFi
nedostatku vitaminu K se tvofi nefunkéni nekarboxylovany osteokalcin.
Nekarboxylovany osteokalcin pfedstavuje 1/3 celkového osteokalcinu. Béhem
resorpce, kdy dochazi k destrukci kostni matrix, pfechazi ¢ast osteokalcinu, ktery je
vazan na kost, do cirkulace. OC ma v cirkulaci kratky polo¢as (5 min) a je rychle
degradovan na fragmenty. OC ma malou molekulu a snadno pronika zdravym
glomerulem, z tohoto divodu roste jeho plazmaticka koncentrace u pacientl s renaini

insuficienci (Hlaing et al., 2014; Moser at al., 2019).
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2.7.1.3 N- terminalni propeptid prokolagenu typu | (PINP) a C- terminalni
propeptid prokolagenu typu | (PICP)

Propeptidy prokolagenu typu | vznikaji pfi syntéze kolagenu typu I, ktery tvofi 90%
organické kostni matrix. Kolagen typu | je odvozen od svého prekurzoru, prokolagenu,
ktery je syntetizovan osteoblasty. Molekula prokolagenu obsahuje amino- a karboxy-
terminalni zakonceni, ktera jsou pfi extracelularnim Stépeni enzymaticky odstranéna,
¢imz vznika kolagen typu |. Vysledkem tohoto Stépeni je uvolnéni N-koncového
propeptidu prokolagenu typu | (PINP) a C-koncového propeptidu prokolagenu typu |
do cirkulace (PICP). Vysledny kolagen je tvofeny dvéma fetézci a1 a jednim fetézcem
a2 a tvofi tzv. triple helix. Vzhledem k tomu, Ze molekuly PINP a PICP jsou
produkovany v ekvimolarnim mnozstvi s molekulou kolagenu typu |, Ize oCekavat, ze
jejich koncentrace v cirkulaci odrazi rychlost tvorby kosti. PICP je globularni polypeptid
s molekulovou hmotnosti 100 kDa, ktery obsahuje intrafetézcové i interfetézcove
disulfidické mustky. PINP je menSi polypeptid s molekulovou hmotnosti 35 kDa a
obsahuje pouze intrafetézcové disulfidické mistky (Hlaing et al., 2014). PINP ma velmi
nizkou cirkadianni a biologickou variabilitu, neni ovlivnén pfijmem potravy a v séru je
velmi stabilni. Z tohoto duvodu byl oznacen za nejslibnéjsi marker tvorby kosti a za
referenéni marker tvorby kosti u osteoporézy Mezinarodni nadaci pro osteoporézu
(IOF) a Mezinarodni federaci klinické chemie a laboratorni mediciny (IFCC) a schvalen
Narodni alianci pro zdravi kosti (NBHA) v USA (Gillett et al., 2021).

N-Protease C-Protease

Non-helical telopeptides

v N

-

Triple helix

N-Propeptide C-Propeptide

Obr. €. 3: Vznik kolagenu typu | z prokolagenu (Vasikaran, 2008)
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2.7.2 Markery kostni resorpce

2.7.2.1 N-terminalni telopeptid kolagenu typu | (NTX-l) a C-terminalni telopeptid
kolagenu typu | (CTX-l)

VétSina markerd kostni resorpce jsou degradacni produkty kolagenu typu I.
NejpouzivanéjSimi z nich jsou karboxy a amino telopeptidy kolagenu typu | (NTX a
CTX), které se uvolriuji do obéhu béhem kostni resorpce pusobenim osteoklastu. CTX
a NTX se uvolruji do cirkulace vlivem kathepsinu K, C-terminalni telopeptid kolagenu
| (ICTP) u€inkem metaloproteinaz. NTX i CTX se vyluCuji moCi a Ize je méfit ve
24hodinovych vzorcich modci, v rannich vzorcich moc€i a v séru. Nacasovani odbéru
vzorku je rozhodujici vzhledem k vyrazné cirkadianni variabilité, ktera je u CTX
vyraznéjSi. Pfedchozi prace ukazaly, Zze hladovéni vyznamné snizuje cirkadianni
variaci. Pro optimalni klinické vyuziti jsou tedy nutné odbéry rannich vzork( nalacno
(Hlaing et al., 2014). CTX-l je povazovan za referenéni marker kostni resorpce
potvrzeny Mezinarodni federaci klinické chemie a laboratorni mediciny (IFCC) a
schvalen Narodni alianci pro zdravi kosti (NBHA) v USA (Gillett et al., 2021).

2.7.2.2 Kostni sialoprotein

Kostni sialoprotein (BSP) je fosforylovany nekolagenni glykoprotein kostni matrix.
Vyskytuje se pouze v mineralizovanych tkanich, jako je kost, dentin a chrupavka. Je
produkovan osteoblasty, odontoblasty a osteoklasty. Funkce BSP stale neni zcela
objasnéna. Pfedpoklada se, ze BSP se podili na regulaci tvorby hydroxyapatitu
v kostech a zubech a stimuluje kostni resorpci zprostfedkovanou osteoklasty (Maeda
et al., 2013; Hlaing et al., 2014).

2.7.2.3 Kathepsin K

Katepsiny patfi do rodiny cysteinovych proteaz a bylo identifikovano jejich 11 izoforem.
Zejména katepsin K je exprimovan aktivné resorbujicimi osteoklasty a hraje dllezitou

roli v kostni resorpci. Osteoklasty vylu€uji katepsin K do kostnich resorp&nich lakun za

30



uCelem degradace proteinu kostni matrix v€etné kolagenu typu |, osteopontinu a
osteonektinu (Shetty et al, 2016; Hlaing et al., 2014).

2.7.2.4 Tartarat rezistentni kysela fosfataza (TRAP)

Tartrat-rezistentni kysela fosfataza (TRAP) patfi do heterogenni skupiny
lysozomalnich enzymd. V cirkulaci se vyskytuji dvé formy TRAP: TRAP5a a TRAP5b.
TRAPS5a nachazejici se v aktivovanych makrofazich, je strukturalné stejna jako
TRAPSD, odliSuje se vSak optimalnim pH. TRAPSb (TRAP5b, znama také jako ACP5)
je jednim z enzymu produkovanych osteoklasty b&éhem kostni resorpce a vyuziva se

jako ukazatel jejich pocCtu a aktivity (Hlaing et al., 2014).

2.7.2.5 Hydroxyprolin (OHP)

Hydroxyprolin je produktem degradace kolagenu. Jedna se o aminokyselinu, ktera
vznika posttranslacni hydroxylaci prolinu. Na obsahu aminokyselin v kolagenu se
podili asi 13-14 % a jeho pfitomnost zvySuje elasticitu kolagenu na rozdil od prolinu.
Vyskytuje se i v jinych tkanich obsahujicich kolagen nez kosti, jako jsou chrupavky a
kize. V krevnim obéhu je bud ve volné formé (90 %), nebo ve formé vazané na
peptidy. VétSina volného hydroxyprolinu je filtrovana a reabsorbovana ledvinami.
Hydroxyprolin v moci, historicky marker kostni resorpce, vykazoval tfi hlavni nevyhody:
jeho vyznamna &ast nebyla kostniho puvodu; OHP se vstfebava z potravy; vétsSina
OHP se metabolizuje v jatrech (Hlaing et al., 2014; Vasikaran, 2008).

2.7.2.6 Pyridinolin (PYD) a deoxypyridinolin (DPD)

Pyridinolin (PYD) a deoxypyridinolin (DPD) mechanicky stabilizuji molekulu kolagenu
zesitovanim mezi jednotlivymi kolagennimi peptidy, tzv. cross-links. Zdrojem PYD jsou
kromé kosti i chrupavky a Slachy. DPD se naléza témér vyhradné v kostech a dentinu
a jde o specificky produkt kolagenu typu | pfi rozkladani osteoklasty. PYD a DPD jsou

vyluCovany moc€i ve volné (40 %) a peptidové vazané formé (60 %). Stanoveni lze
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provést vkrvi i moCi, je vSak potfeba zohlednit cirkadianni rytmus s maximem

vylu€ovani pres noc (Shetty et al., 2016; Hlaing et al., 2014).
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3. Osteoporoza a méreni kostni mineralni denzity (BMD)

Osteoporézou oznaCujeme  progredujici systémové onemocnéni  skeletu,
charakterizované ubytkem kostni hmoty a poruchami stavby kosti s naslednym
zvySenim kiehkosti kosti s navazujicim rizikem zlomenin. Toto asymptomaticke
onemocnéni zlustdava Casto dlouho nediagnostikovano, protoze prvnim
pfiznakem byva obvykle az zlomenina. Ke zlomeninam dochazi bez pfedchoziho
urazu nebo uz pfi malé zatézi kosti. Typickymi osteoporotickymi zlomeninami jsou
zlomeniny obratll, distalniho pfedlokti a proximalni ¢asti stehenni kosti (Chin et al.,
2022). Zlomeniny v dusledku osteopordzy jsou hlavni pfi€inou morbidity a mortality
starSich lidi (Compston et al., 2019).

V souCasné dobé kazdy diagnosticky postup vyZaduje zméfeni hustoty kostniho
mineralu (BMD) pomoci dvouenergiové rentgenové absorpctiometrie (DXA). Tato
metoda vyuziva slabé rentgenové zareni o dvou energetickych hladinach, které je
pohlcovano kosti. BMD se obvykle méfi v oblasti bederni patefe (doporu¢enymi misty
méfeni jsou bederni obratle L1, L2 a L3, resp. L4 a jejich prdmér) a proximalniho
femuru a vyjadiuje mnozstvi kostniho mineralu v plo$né projekci analyzovaného useku
skeletu v g/cm?. Svétova zdravotnicka organizace (WHO) v roce 1994 definovala
osteoporézu jako hodnotu BMD o 2,5 smérodatné odchylky (SD) nebo vice pod
prumérnou maximalni hodnotou BMD u zdravych jedincu (T-skére <-2,5 SD). Hodnota
T-skére mezi -2,5 a -1,0 je definovana jako osteopenie (Chin et al., 2022). U déti,
mladistvych a u osob starSich 70 let je vhodné&jSim diagnostickym kritériem hodnota Z-
skére udavajici poCet standardnich odchylek od primérné hodnoty osob stejné vékové
kategorie, pohlavi a etnika (Simko et al., 2013). Namé&fené hodnoty BMD jsou

povazovany za silny nezavisly prediktor rizika zlomenin (Salari et al., 2021).

Vzhledem ke starnuti populace a prodluZujici se délce Zivota pfedstavuje osteopordza
zavazny celosvétovy zdravotni problém. V souCasné dobé se odhaduje, Ze
osteopordzou trpi vice nez 200 miliont lidi. Podle nejnovéjSich statistik Mezinarodni
nadace pro osteopordzu (International Osteoporosis Foundation) dojde celosvétové u
kazdé treti Zeny starSi 50 let a u kazdého patého muze k osteoporotické zlomeniné
(Sozen et al., 2017). Osteopordza zplUsobuje roéné 8,9 milionld zlomenin po celém
svété a vede ke zhorSeni fyzického i psychického zdravi, nizsi kvalité zZivota a kratSi

prumérné délce zivota. Napfiklad ve Spojeném kralovstvi je hospitalizovano vice nez
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300 000 pacientu s osteoporotickymi zlomeninami, coz je spojeno s vysokymi naklady
na zdravotni péci. V roce 2000 si osteoporéza vyzadala ve Spojeném kralovstvi
naklady na zdravotni péci v odhadované vysi 1,8 miliardy liber a do roku 2025 se
predpoklada narust na 2,2 miliardy liber (Barnsley et al., 2021). Lé¢ba osteopordzy a
s ni spojenych nasledkl je nezbytna nejen pro zlepSeni kvality Zivota, ale také pro

snizeni ekonomické zatéze systému zdravotni péce.

Primarni osteopordza je nej¢astéjSi formou onemocnéni, rozviji se bez zietelné pficiny
a déli se na dva typy. |. typ osteoporézy (postmenopauzalni) je zplsobeny
nedostatkem estrogend, kdy dochazi k zvySenému odbouravani kosti. U Il. typu
osteopordzy (tzv. senilni, stafecka) dochazi k snizené tvorbé nové kosti a postihuje
obé& pohlavi s manifestaci obvykle po 65. roce véku. Naproti tomu sekundarni
osteopordza je zpUsobena komorbidnimi onemocnénimi a/nebo Iéky (Dobbs et al.,
1999; Tu et al., 2018).

Osteopordza je povazovana za komplexni multifaktorialni onemocnéni, pficemz jeji
patogeneze zavisi na pfitomnosti endogennich a exogennich rizikovych faktoru, které
vychyluji fyziologickou remodelaci smérem k ubytku kostni hmoty. Mezi rizikové
faktory se fadi fyzicka inaktivita, nedostatek vitaminu D, Spatny Zivotni styl vCetné
uzivani alkoholu a koureni, Zzenské pohlavi, rasa, rodinna anamnéza osteoporotické
zlomeniny a uzivani vybrané skupiny léku vCetné antiepileptik (Chin et al., 2022).
Prevalence osteoporoézy a osteopenie u dlouhodobé lécenych epileptikil je vysoka.
Vice nez 50 % pacient( s epilepsii ma nizkou hodnotu BMD (Ko et al., 2020). Cetnost
zlomenin u détskych pacientl s epilepsii je 2x az 3x vy$Si nez u déti bez epilepsie (Ko
et al., 2020). Systematicky pfehled a metaanalyza 22 studii prokazaly, Zze uzivani AED
je spojeno s 86 % zvySenim rizika zlomenin v jakémkoli misté a 90 % zvySenim rizika
zlomenin kycCle (Barnsley et al., 2021). Pfi€¢iny nezadoucich u€inkd jsou
pravdépodobné multifaktorialni. V budoucnu je tfeba Iépe porozumét mechanismuim,
které tyto nezadouci ucinky antiepileptik zplsobuji a pokusit se stanovit postupy jejich

prevence a lécby.

34



4. Epilepsie

Epilepsie je jednim z nejCastéjSich chronickych neurologickych onemocnéni, postihuje
vice nez 70 miliond lidi na celém svété (Thijs et al., 2019). Toto onemocnéni je
charakterizovano opakovanymi zachvaty mozkového puavodu. Zachvaty jsou
zpUsobeny nahlou a reversibilni abnormalni funkci mozkové aktivity, ktera se klinicky
projevuje doCasnou zménou motoriky, védomi Ci vnimani, chovani nebo citlivosti.
Projevy epileptickych zachvatt jsou znaéné mnohotvarné a mohou se lisit pfipad od
pfipadu i u téhoz pacienta. Zachvaty byvaji obvykle kratké, trvaji nékolik vtefin az
nékolik malo minut a mohou byt nasledovany pozachvatovym stavem. Ten se
projevuje ospalosti, unavou, zmatenosti nebo pfetrvavajicimi neurologickymi pfiznaky.
Onemocnéni ¢asto pretrvava mnoho let nebo desetileti a u mnoha pacientu vyzaduje
celozivotni 1éCbu (Schulze-Bonhage et al., 2020; Gozukizil et al., 2022). Léky proti
epilepsii (AED) jsou hlavni formou IéCby lidi s epilepsii. AED jsou vSak pfedepisovana
jako lék prvni volby také u fady neepileptickych stavu, pfedevSim u poruch bipolarniho
spektra a chronickych bolestivych stavli. Pouze jeden ze tfi uzivateli AED uziva tyto

léky na epilepsii (Reimers, 2014).

AED Ize rozdélit do dvou kategorii: Sirokospektra a uzkospektra. Sirokospektra AED,
jak nazev napovida, IéCi Sirokou Skalu typu zachvatli a jsou dobrou pocateéni volbou,
zejména pokud je klasifikace typu zachvatu nejista. Mezi tato AED patfi mimo jiné
levetiracetam, lamotrigin, zonisamid, topiramat, kyselina valproova, klonazepam,
perampanel, klobazam a rufinamid. AED s uzkym spektrem jsou primarné uréena k
|éCbé fokalnich nebo parcialnich zachvatl. Patfi mezi né lakosamid, pregabalin,
gabapentin, karbamazepin, oxkarbazepin, ezogabin, fenytoin a vigabatrin (Subbarao
et al., 2022).

Chronické podavani antiepileptik nevede k IéCbé epilepsie, ale ,pouze” potlacuje nebo
zabranuje rozvoji epileptického zachvatu. Existuji pfedstavy o tom, jaka kritéria by
meélo splfiovat takzvané ,idealni antiepileptikum®. V téchto definicich se dovidame o
idealnich  fakmakokinetickych a farmakodynamickych vlastnostech takového
.idealniho“ Iéku, vyborné uc€innosti na co nejvétsi spektrum typu epileptickych zachvat
a pokud mozno ,nulovém*® potencialu pusobit nezadouci ucinky. Klinicka praxe je ale
v soucasnosti jina a neexistuje antiepileptikum, které by nemélo vedlejSi nezadouci
ucinky (Kuba 2006). Lécba antiepileptiky muze negativné ovlivnit zdravi kosti a vést
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k zvySenému riziku zlomenin. (Koo et al., 2020). Odhaduje se, Ze pacienti s epilepsii
maji 2-3 x vyssi riziko zlomenin kosti ve srovnani s béznou populaci (Guo et al., 2020).
Nezadouci ucinky antiepileptik na zdravi kosti byly poprvé zaznamenany v 60. letech
20. stoleti a od té doby pfibyva ddkazu, které ukazuji, ze pacienti uzivajici AED jsou
vystaveni zvySenému riziku metabolického onemocnéni kosti, v€etné zmén v kostnim
obratu, snizeni BMD, zmén v kvalité kosti vedouci k vySSimu riziku zlomenin a rozvoji

osteopordzy (Guo et al., 2020; Verrotti et al., 2010).

Tradicni AED, v€etné fenobarbitalu, primidonu, fenytoinu a karbamazepinu, indukuji
enzymy biotransformace (cytochromoxidazovy systém, zejména cytochrom P450).
Nejpravdépodobnéj§im mechanismem je aktivace téchto enzyml vedouci ke
zvySenému jaternimu katabolismu 25-hydroxyvitaminu D, coZ ma za nasledek rozvoj
hypokalcémie, zvyseni hladiny parathormonu (PTH), sekundarni
hyperparatyroidizmus se zvySenim kostni resorpce a snizenim BMD. Dalsi
mechanismus naruSeni kostni mineralizace muze pfimo souviset se Skodlivym
ucCinkem nékterych AED na kostni mineralni denzitu. Nékteré studie naznacuji, ze
valproat, enzymovy inhibitor CYP-450, je spojen s poklesem BMD a ubytkem kostni
hmoty (Koo et al.,2020; Gézukizil et al., 2022). AED "novéjSi generace" nepulsobi jako
enzymové induktory/inhibitory. Stale vSak neni jasné, zda AED "novéjSi generace",
které byly zavedeny do praxe v poslednich dvou desetiletich, v€etné gabapentinu,
lamotriginu, topiramatu, tiagabinu, oxkarbazepinu, levetiracetamu a zonisamidu,

nepfiznivé ovliviuji zdravi kosti (Hakami et el., 2016).

U pacientd s epilepsii Iéenych AED neni rutinné vyzadovano sledovani
biochemickych markerd kostniho obratu, méfeni sérové hladiny 25-hydroxyvitaminu
D, vapniku, fosfatu, BMD, a to jak pfed zahajenim l|éCby, tak i béhem jejiho
monitorovani (Siniscalchi et al.,2020). Studie ukazala, Zze pouze 41 % détskych
neurologud a 28 % neurologl pro dospélé rutinné hodnoti stav kosti u pacientu
s epilepsii uzivajicich AED (Ko et al., 2020). Sledovani téchto biochemickych marker(
u pacientl s epilepsii by mohlo byt napomocné k zvoleni adekvatni terapie a slouzit
jako prevence poskozeni kostniho zdravi.

Riziko kostnich zmén spojenych s uzivanim AED muze zvySovat nékolik faktora: 1)
veék; 2) pouzita davka; 3) délka léCby; 4) polyterapie; 5) Zenské pohlavi; 6) expozice
slunci. Zohlednéni téchto faktorl mulze predstavovat moznou strategii prevence
kostnich alteraci plynoucich z uzivani AED (Siniscalchi et al.,2020).
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Factors IMPLICATED IN AED-INDUCED BONE ALTERATION

Age | |Types of AED| | Dose of AED | | Duration of AED therapy| | Female gender| | Sun exposure

\\\ /

AED Therapy

[ Bone Alterations ]

Obr. €. 4: Faktory ovliviiujici riziko kostnich zmén spojenych s uzivanim AED
(Siniscalchi et al.,2020)

4.1 Zonisamid

Zonisamid (ZNS) je derivat benzisoxazolu (1, 2- benzisoxazol-3-methanesulfonamid)
s jedine¢nou chemickou strukturou patfici mezi novou generaci AED (Goel et al., 2021;
Kwan et al., 2015). ZNS byl v Evropé schvalen jako monoterapie pro IéEbu parcialnich
zachvatl u dospélych s nové diagnostikovanou epilepsii a tento 1€k je v Evropé a USA
schvalen také jako pfidatna IéCba fokalnich zachvatl se sekundarni generalizaci nebo
bez ni (Romigi et al., 2015). ZNS se rychle a uplné vstfebava, pficemz vrchol absorpce
nastava za 2-6 hodin a metabolismus probiha pfedevsim prostfednictvim izoenzymu
3A4 cytochromu P450 (CYP3A4), po némz nasleduje vylu€ovani ledvinami (Jongeling
et al., 2015). Mechanismus ucinku ZNS je nejasny. ZNS ma Siroké spektrum
mechanismu u€inku zahrnujici inhibici sodikovych kanald, redukci vapnikovych kanald
typu T, sniZeni synaptické excitace zprostfedkované glutamatem a zvySeni inhibicnich
u€inku skrze kyselinu gama-aminomaselnou (Lee et al., 2015; Goel et al., 2021). ZNS
také slabé méni metabolismus acetylcholinu, dopaminu, serotoninu a inhibuje aktivitu
karboanhydrazy, i kdyz neni jisté, zda tyto ucinky pfispivaji k jeho klinické ucinnosti
(Kwan et al., 2015).
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4.2 Pregabalin a gabapentin

Pregabalin a gabapentin, souhrnné gabapentinoidy, jsou strukturné pfFibuzné
slou€eniny, které jsou klasifikovany jako analoga kyseliny gamaaminomaselné
(GABA). Gabapentinoidy jsou pfedepisovany k |écbé epileptickych zachvatd,
neuropatické bolesti, fibromyalgie, syndromu neklidnych nohou, generalizované
uzkostné poruchy a také jsou S8iroce predepisovana jako medikace off-label
(Fernandez-Lopez et al., 2020). Gabapentin a pregabalin maji v podstaté identické
farmakodynamické vlastnosti. Ani jeden z téchto léki nema znatelnou afinitu k
receptorim GABA, ackoli jsou chemicky podobny neurotransmiteru GABA. SpiSe
inhibuji neuronalni signalizaci vazbou na podjednotku a2-& napétové fizenych
vapnikovych kanalld v centralnim nervovém systému. Tento mechanismus
pravdépodobné vysvétluje jejich antikonvulzivni, antinociceptivni a mozné anxiolytické
vlastnosti (Mathieson et al., 2020). Pregabalin se vstfebava rychleji nez gabapentin a
vykazuje linearni absorpcni kinetiku s vice jak 90 % biologickou dostupnosti v celém
doporuc¢eném davkovacim rozmezi. Naproti tomu gabapentin ma nelinearni absorpcni
kinetiku-absorbovana frakce klesa se zvySujici se davkou. Obé léciva se vyluluji
pfedevsim renalnim vylu€ovanim intaktniho 1éCiva (Greenblatt et al., 2018; Derry et al.,
2019).

4.3 Levetiracetam

Levetiracetam (LEV) je relativné novym a jednim z nejCastéji pfedepisovanych
antiepileptik se Sirokym spektrem uc€inku. Jedna se o analog piracetamu (2S-(oxo-1-
pyrrolidinyl) butanamid) ¢asto vyuzZivanym k Ié¢bé parcialnich a generalizovanych
zachvatl (Jarvie et al., 2018). LEV je atraktivnim AED pro IéCbu posttraumatickych
zachvatd diky svym pfiznivym farmakokinetickym vlastnostem-vynikajici peroralni
biologické dostupnosti, ktera neni zavisla na systému cytochromu P450, linearni
kinetice, minimalni vazbé na plazmatické bilkoviny a rychlému dosazeni ustalené
koncentrace (Shetty, 2013; Peyrl et al., 2015). Rizné studie naznacuji, ze reguluje
influx vapniku do bunék, pficemz selektivné blokuje kanal typu N, ale nikoli typu T.
Vaze synapticky vezikularni protein (SV2A) a prostifednictvim modulace funkce SV2A

38



vyvolava neuroprotektivni u€inky (Erbas et al., 2016). LéCivo je bezpeCné a obecné

dobfe snasené (Koo et al., 2013).
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5. Cile disertacni prace

Cilem disertaCni prace bylo posouzeni vlivu vybranych novych antiepileptik na kostni

metabolismus u mladych potkant kmene Wistar.

Specifické cile:

1) Zjistit vliv orchidektomie na kostni metabolismus u potkanu.

a.

b.

Stanovit koncentraci kostnich markera v séru a kostnim homogenatu.
Pomoci dvouenergiové rentgenové absorpciometrie zméfit kostni mineralni
hustotu potkana.

Posoudit mechanické vlastnosti kostni tkané femurt potkana.
Vyhodnocovani BMD ve vybranych oblastech skeletu a stavby téla (pomér

télesné tukové a svalové tkané) potkana.

2) Zjistit vliv novych antiepileptik (zonisamidu, gabapentinu, pregabalinu,

levetiracetamu) na kostni metabolismus u potkana.

a.

b.

Stanovit koncentraci kostnich markert v séru a kostnim homogenatu.
Pomoci dvouenergiové rentgenové absorpciometrie zméfit kostni mineralni
hustotu potkana.

Posoudit mechanické vlastnosti kostni tkané femurt potkana.
Vyhodnocovani BMD ve vybranych oblastech skeletu a stavby téla (pomér

télesné tukové a svalové) tkané potkana.
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6. Experimentalni ¢ast
6.1 Experimentalni zvirata

Potkani byli ustajeni v Centralnim vivariu LékaFské fakulty Univerzity Karlovy v Hradci
Kralové (UK-LF HK). Protokol experimentu byl schvalen Odbornou komisi na ochranu
zvirat proti tyrani UK-LF HK. Pfi pokusech byli pouziti osmitydenni samci potkan
albind kmene Wistar (Biotest s.r.o., Konarovice, Ceska republika). Zvifata byla
umisténa ve skupinach po 4 v plastovych klecich a chovana za standardnich podminek
(12 hodin svétlo a 12 hodin tma, teplota 22+2 °C, vihkost vzduchu 30-70 %). Zvifata
méla pfistup k standardni laboratorni dieté (SLD, VELAS, a.s., Lysa nad Labem, Ceska
republika) nebo SLD obohacené o |éCiva a vodé ad libitum po celou dobu experimentu.

V prubéhu pokusu byla hmotnost potkanu sledovana jednou tydné.

6.2 Antiepileptika
a. Zonisamid (Zonisamid, Eisai Ltd.)
b. Gabapentin (Gabapentin, Gedeon Richter Plc.)
c. Pregabalin (Pregabalin, Pfizer Manufacturing Deutschland GmbH)

d. Levetiracetam (Levetiracetam, UCB Pharma)

6.3 Experiment
Osmitydenni potkani byli nahodné rozdéleni do 10 skupin po 8 zvifatech a krmeni
SLD nebo SLD obohacenou lIékem. Délka pokusu byla 12 tydnu.

1. Kontrolni skupina potkanich samct krmena SLD (SHAM)
2. Kontrolni skupina potkanich samcl po provedené orchidektomii krmena SLD
(ORX)
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. Skupina potkanich samcl krmena SLD obohacenou o zonisamid (19 mg/25 g
diety; Zonisamid, Eisai Ltd.) (SHAM+ZNS)

. Skupina potkanich samcu po provedené orchidektomii krmena SLD
obohacenou o zonisamid (19 mg/25 g dietyé; Zonisamid, Eisai Ltd.)
(ORX+ZNS)

. Skupina potkanich samcl krmena SLD obohacenou o gabapentin (28 mg/25 g
diety; Gabapentin, Gedeon Richter Plc.) (SHAM+GBP)

. Skupina potkanich samcu po provedené orchidektomii krmena SLD
obohacenou o gabapentin (28 mg/25 g diety; Gabapentin, Gedeon Richter
Plc.) (ORX+GBP)

. Skupina potkanich samcu krmena SLD obohacenou o prebabalin (12 mg/25 g
diety; Pregabalin, Pfizer Manufacturing Deutschland GmbH) (SHAM+PGB)

. Skupina potkanich samcu po provedené orchidektomii krmena SLD
obohacenou o pregabalin (12 mg/25 g diety; Pregabalin, Pfizer Manufacturing
Deutschland GmbH) (ORX+PGB)

. Skupina potkanich samcl krmena SLD obohacenou o levetiracetam (101
mg/25 g diety; Levetiracetam, UCB Pharma) (SHAM+LEV)

10. Skupina potkanich samcl po provedené orchidektomii krmena SLD

obohacenou o levetiracetam (101 mg/25 g diety; Levetiracetam, UCB Pharma)
(ORX+LEV)

6.4 Material a analyza

Na samotném zacatku experimentu byla poloviné potkan( provedena oboustranna

orchidektomie v éterové narkdze (skupina ORX). Potkandm ze skupiny SHAM byl

proveden pouze operacni fez na Sourku, ktery byl nasledné zasit. Nasledujici den po

operaci se zacCala podavat kontrolnim skupinam pouze SLD a experimentalnim

potkanim SLD obohacena o Ié€iva. Pristup k potravé byl ad libitum. Délka pokusu byla

12 tydnl. Podle spotfeby diety byla vypocitana davka léku na kilogram télesné
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hmotnosti potkana. Po 12 tydnech byla zvifata usmrcena odebranim krve z bfisni aorty
v éterové anestezii, ziskané sérum bylo alikvotovano a ulozeno pfi -80 °C pro nasledné

biochemické analyzy.

6.4.1 Kostni homogenat

Po usmrceni potkanu byly femury vypreparovany a dukladné ocistény od mékkych
tkani, zabaleny do gazy navih€ené fyziologickym roztokem a zamrazeny pfi teploté -
80 °C do doby analyzy. Kostni homogenat byl pfipraven z femuru. Cast diafyzy femuru
(0,1 g) byla rozruSena a homogenizovana pomoci pristroje TissuelLyser Il (Qiagen,
Nizozemsko). Do nadoby uréené pro homogenizaci se na vzorek femuru a drtici kuliCky
nalil tekuty dusik a bylo pfidano 0,5 ml fosfatového pufru (PBS, PENTA Praha, Ceskéa
republika). Tkan femuru byla rozméliovana pfi frekvenci 30 Hz po dobu 1 min. Poté
bylo ke vzorku pfidano dalSich 1,5 ml fosfatového pufru a nasledovalo dalSi
rozmélfhovani pfi 10 Hz po dobu 15 s. Vznikly tkarfnovy homogenat byl centrifugovan
pfi 10 000 g pfi 4 °C po dobu 10 min a ziskany supernatant byl odebran a uloZen pfi -
80 °C. Hladiny markerQ sklerostinu (SOST) a kostni alkalické fosfatazy (BALP) byly
stanoveny v kostnim homogenatu enzymovou imunoanalyzou (ELISA, enzyme-linked
immuno sorbent assay). Hladina sklerostinu byla stanovena pomoci kitu od firmy
Cloud-Clone Corp., 23603 W. Fernhurst Dr., Unit 2201, Katy, TX 77494, USA (SOST,
pg/ml) a hladina kostni alkalické fosfatazy byla stanovena pomoci kitu od firmy
BlueGene Biotech, Shanghai, Cina (BALP, ng/ml).

Ze séra byly metodou ELISA analyzovany markery kostniho obratu: amino-terminalni
propeptid prokolagenu typu | (PINP), ligand pro aktivator nuklearniho faktoru kappa B
(RANKL) a osteoprotegerin (OPG). Pouzili jsme soupravy od firmy Cloud-Clone Corp.,
23603 W. Fernhurst Dr., Unit 2201, Katy, TX 77494, USA (PINP, ng/ml; RANKL, pg/ml;
OPG, pg/ml).

Pro stanoveni kostnich markert u levetiracetamu byly pouzity kity firmy Uscn Life
Science Inc., Wuhan, Cina (PINP, ng/mL; CTX-l, pg/mL; SOST, pg/mL; RANKL,
pg/mL) a kit od firmy BlueGene Biotech, Shanghai, Cina (BALP, ng/ml). Posouzeni

vlivu levetiracetamu na kostni metabolismus bylo uskute¢néno o nékolik mésicu dfive
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nez zbyla vySe zminéna antiepileptika, v ramci jiného probihajiciho pokusu se

shodnou metodikou.

6.4.2 Stanoveni koncentrace léku v séru

6.4.2.1 Zonisamid

Na konci experimentu byly stanoveny hladiny zonisamidu v krevnim séru. Koncentrace
zonisamidu ve vzorcich byla stanovena pomoci modifikované metody vysokoucinné
kapalinové chromatografie s detekci na hmotnostnim spektrometru typu trojitého
kvadrupodlu (LC-MS/MS). Pfiprava vzorkd zahrnovala vysrazeni proteint a pridavek
vnitfniho standardu deuterovaného pregabalinu-D6. Analyt byl separovan na koloné
Discovery HS F5 (100 mm x 2,1 mm I.D., velikost ¢astic 5 um, Supelco, PA, USA) a
detekovan pomoci hmotnostniho spektrometru typu trojitého kvadrupdlu Agilent 6490.
Detekce se uskutecnila v pozitivnim modu za vyuziti elektrospreje a pro kvantitativni
analyzu byly pouzity pfechody iontd 213> 132 pro zonisamid a 166,2> 148,1 pro
pregabalin-D6.

6.4.2.2 Gabapentin

Hladiny gabapentinu v séru byly stanoveny na konci pokusu. Koncentrace gabapentinu
ve vzorcich byla stanovena pomoci modifikované metody vysokouc€inné kapalinové
chromatografie s detekci na hmotnostnim spektrometru typu trojitého kvadrupdélu (LC-
MS/MS). Priprava vzork( zahrnovala vysrazeni proteini a pfidavek vnitfniho
standardu deuterovaného pregabalinu-D6. Analyt byl separovan na koloné Discovery
HS F5 (100 mm x 2,1 mm |.D., velikost ¢astic 5 um, Supelco, PA, USA) a detekovan
pomoci hmotnostniho spektrometru typu trojitého kvadrupodlu Agilent 6490. Detekce
se uskutec€nila v pozitivnim mddu za vyuZiti elektrospreje a pro kvantitativni analyzu
byly pouzity pfechody iontd 172.2> 154.1 pro gabapentin a 166,2> 148,1 pro
pregabalin-D6.
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6.4.2.3 Pregabalin

Hladiny pregabalinu byly stanoveny v krevnim séru na konci pokusu. Koncentrace
pregabalinu ve vzorcich byla stanovena pomoci modifikované metody vysokouc€inné
kapalinové chromatografie s detekci na hmotnostnim spektrometru typu trojitého
kvadrupélu (LC-MS/MS). Priprava vzorkd zahrnovala vysrazeni proteint a pfidavek
vnitfniho standardu deuterovaného pregabalinu-D6. Analyt byl separovan na koloné
Discovery HS F5 (100 mm x 2,1 mm |.D., velikost Castic 5 um, Supelco, PA, USA) a
detekovan pomoci hmotnostniho spektrometru typu trojitého kvadrupdlu Agilent 6490.
Detekce se uskutecnila v pozitivnim mdodu za vyuziti elektrospreje a pro kvantitativni
analyzu byly pouzity pfechody iontd 160,2 > 55,1 pro pregabalin a 166,2 > 148,1 pro
pregabalin-D6.

6.4.2.4 Levetiracetam

Koncentrace levetiracetamu byla stanovena na konci pokusu metodou modifikované
vysokoucinné kapalinové chromatografie s UV detekci fotodiodovym paprskem
(Lancelin F, et al., 2007). Po alkalizaci vzorku (0,05 ml 1M hydroxid sodny) byly
levetiracetam a vnitfni standard UCB 17025 extrahovany do dichlormethanu. Po
odpareni organického rozpoustédla byl zbytek vzorku rozpustén a vstfiknut pro HPLC
analyzu. Slouc¢eniny byly separovany na koloné Zorbax SB-C8 (Agilent Technologies,
USA) pfi pratoku 1,1 ml/min mobilni faze. Mobilni faze se skladala z 10 % acetonitrilu,
7 % methanolu a 83 % 20 mM fosfatového pufru pH 6,7 s 0,1 % triethylaminem. UV

detekce probihala pfi vinové délce 200 nm.

6.4.3 Méreni kostni mineralni denzity

Na konci pokusu byla méfena kostni mineralni hustota potkan (BMD, g/cm?) pomoci
dualni energetické rentgenové absorpciometrie (DXA) na pfistroji Hologic Delphi A
(Hologic, Waltham, MA, USA) v Osteologickém centru Fakultni nemocnice Hradec
Kralové. Pfed méfenim byl proveden kalibraéni sken s fantomem Hologic pro malé
zvife. V pokusu bylo vyhodnoceno BMD celého téla, v oblasti bedernich obratlt a

v oblasti femurl. Pocitaem byla hodnocena také celkova hmotnost svalové a tukové
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tkané a procentualni zastoupeni tukové tkané pomoci pfislusného softwaroveho
programu pro mala zvifata (DXA; QDR-4500A Elite; Hologic, Waltham, MA, USA).

V8echna zvifata byla méfrena stejnym operatorem.

Obr. ¢. 6: Poloha potkana v pribéhu méfeni kostni mineralni hustoty (BMD).

Obr. €. 7: Sken potkana-hodnoceni kostni mineralni hustoty (BMD) ve tfech oblastech
R1 — oblast bedernich obratll (L3-L5); R2 — levy femur; R3 — pravy femur
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6.4.4 Testovani mechanické odolnosti kostni tkané

Na specialnim elektromechanickém testovacim stroji vyrobeném na zakazku (Martin
Kosek &Pavel Trneéka, Hradec Kralové, Ceska republika) bylo provedeno mechanické
testovani kostni tkané. K experimentu byly pouzity femury, které byly uskladnény
v mrazicim boxu pfi -80 °C a postupné rozmrazeny pfi pokojové teploté. Material byl
béhem testovani zabalen v gaze s fyziologickym roztokem, aby byl chranén pred
vysychanim. Pfed vlastnim testovanim odolnosti femuru v ohybu byla zméfena jeho
délka. Vodéodolnym fixem byl vyznacden stfed diafyzy femuru a v této oblasti byl
zméfen prumér. PFi testovani mechanické odolnosti femuru pomoci tfibodového
ohybani kosti (three-point bending) byla kost umisténa na dva podpurné body,
vzdalené od sebe 18 mm. Nejprve byl femur zatiZzen malym stabilizacnim napétim do
10 N k pfesné fixaci polohy béhem lamani. Treti bod, kterym byl nerezovy valeCek o
pruméru 7 mm, byl umistén kolmo dolu na vyznaceny stifed diafyzy femuru. Femur byl
testovan v anteroposteriornim sméru. Pomoci elektromotoru byl sniZzovan nerezovy
valeCek konstantni rychlosti 6 mm/min. Sila potfebna ke zlomeni femuru byla
zaznamenana pomoci snimaci jednotky, ktera méfila maximalni silu vyvinutou na kost
valeCkem, nez doslo ke zlomeni kosti. Nasledné byla zméfena tlouStka kompakty na
distalni ¢asti femuru ve sméru lamani pomoci posuvného mikrometru (OXFORD O0-
25MM 30DEG POINTED MICROMETER, Victoria Works, Leicester, Velka Britanie).

K testovani tlakové odolnosti kréku femuru byla vyuzita proximalni ¢ast femuru.
Diafyza femuru byla ponofena do specialni nadobky se samopolymerujici adhezivni
pryskyfici, a tim byla kost zafixovana v kolmé poloze. Spravna poloha kosti byla
zajisSténa pomoci na zakazku vyrobeného drzaku. Vysychani hlavice a kréku femuru
bylo zabranéno pouzitim navlhéené gazy fyziologickym roztokem. Pro vyvijeni tlaku na
hlavici femuru byla vyuZita na zakazku vyrobena nerezova tyCka se zakulacenym
koncem o priméru 4 mm. Tato tyCka se pohybovala doll konstantni rychlosti 6
mm/min. Pro zajisténi stabilni polohy kosti byla opét zatizena hlavice femuru malym
stabilizacnim napétim do 10 N. Nasledné byla pomoci snimaCe zméfena maximailni
sila (N) potfebna ke zlomeni kréku femuru a tato hodnota byla zaznamenana na
zobrazovaci jednotce (Snimac tahové a tlakové sily BURSTER 8435-6005; Procesni
zobrazovaci jednotka 9180-V3000, Burster praezisiosmesstechnik gmbh & co kg,
Gernsbach, Némecko).
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Obr. €. 8: a) Testovani mechanické odolnosti femuru pomoci tfibodového ohybani kosti

b) Testovani mechanické odolnosti kréku femuru v tlaku

6.4.5 Statisticka analyza a vyhodnoceni dat

Statisticka analyza dat byla provedena na Oddéleni vypocetni techniky pomoci
programu NCSS 2007 (Number Cruncher Statistical System, Kaysville, Utah, USA).
Pfi porovnavani dvou skupin byl pouZit dvouvybérovy t-test s pfipadnou Bonferroniho
modifikaci. V pfipadé zamitnuti normality neparametrické testy Mann-Whitney test
nebo Kolmogorov-Smirnov test. Vysledky jsou naméfeny po 12 tydnech pokusu a jsou
vyjadfeny jako median a 25. a 75. percentil. Hodnoty p <0,05 a nizsi byly povazovany

za signifikantni. Hladina vyznamnosti byla zvolena a =0,05.
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7. Vysledky

7.1 Vliv orchidektomie na kostni metabolismus u potkan

Hmotnost, télesna skladba

Nebyly pozorovany statisticky vyznamné rozdily ve hmotnosti a zastoupeni tukové a

svalové tkané mezi skupinou potkant po podstoupené orchidektomii (ORX) versus

skupinou potkanu, u kterych byl proveden pouze operacni fez (SHAM).

Parameter SHAM ORCH P value
Hmotnost na konci 503 (405,8- 519,8) 428 (409,8- 462) 0,34873
pokusu (g)

Tukova tkan (g) 59,1 (41,5- 70,4) 61,5 (56,6- 66,5) 0,494837
Tukova tkan (%) 14,5 (11,6- 17,8) 16,5 (14,9-18,9) 0,12560
Svalova Tkaf (g) 330,5 (285,4- 355,0) 289 (284,1- 323,8) 0,16252

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Hladiny kostnich markert
Po 12 tydnech pokusu nebyly zjistény zadné statisticky vyznamné zmény markert

kostniho obratu mezi skupinami.

Parameter SHAM ORCH P value

Sclerostin (pg/ml) 325,42 (257,83 — 412,94) 635,35 (417,51 — 759,80) 0,087024

OPG (pg/ml) 450,83 (432,66- 703,96) 460,25 (380,14- 598,95) 0,44312
PINP (ng/ml) 71,71 (38,36- 85,75) 89,96 (58,02- 131,03) 0,12844
RANKL (pg/ml) 142,85 (128,15-421,19) 152,63 (84,06- 242) 0,60576
BALP (ng/ml) 2,64 (2,12- 3,29) 2,99 (1,45- 4,30) 0,67525

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.
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Méreni kostni mineralni denzity

Hustota kostniho mineralu byla méfena po 12 tydnech pokusu metodou DXA. Bylo

zjisténo statisticky vyznamné snizeni BMD v oblasti celého téla, bedernich obratl( i

obou femuru ve skupiné potkant po provedené orchidektomii (ORX).

Parameter SHAM ORX P value
Celé télo

BMD (g/cm?) 0,171 (0,158- 0,178) 0,153 (0,149- 0,160) 0,00657
Diafyza pravého femuru

BMD (g/cm?) 0,176 (0,167- 0,183) 0,153 (0,150- 0,163) 0,00388
Diafyza levého femuru

BMD (g/cm?) 0,181 (0,163- 0,186) 0,163 (0,153- 0,167) 0,03125
Bederni obratle (L3-L5)

BMD (g/cm?) 0,206 (0,191- 0,218) 0,176 (0,174- 0,188) 0,00189

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.
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Testovani mechanické odolnosti kostni tkané

Pfi testovani mechanické odolnosti kostni tkané bylo zjiSténo statisticky vyznamné
snizeni pruméru levého i pravého femuru u orchidektomovanych potkanl. Bylo
potvrzeno statisticky vyznamné snizeni mechanické odolnosti levého a praveého

femuru pfi tfibodovém ohybani kosti.

Parameter SHAM ORX P value
Levy femur (LF) délka (mm) 36,47 (35,83- 37,68) 35,58 (35,05- 36,42) 0,066082
Pravy femur (PF) délka (mm) 36,42 (35,37- 37,32) 35,24 (34,90- 35,90) 0,09625
LF prdmér (mm) 3,57 (3,47- 3,74) 3,20 (3,14- 3,34) 0,00022
PF pramér (mm) 3,51 (3,38- 3,61) 3,14 (3,03- 3,36) 0,00115
Tloustka kompakty LF (mm) 0,70 (0,61- 0,70) 0,65 (0,57- 0,68) 0,2191
Tloustka kompakty PF (mm) 0,69 (0,61- 0,70) 0,63 (0,60- 0,66) 0,087024
Mechanicka odolnost LF pfi 197 (184- 225) 162 (152- 168) 0,00086
tfibodovém ohybani (N)

Mechanicka odolnost PF pfi 217 (202- 234) 182 (177- 204) 0,00491
tfibodovém ohybani (N)

Maximalni tlakova sila kréku levého 151 (121_ 175) 159 (122_ 160) 0,84643
femuru (N)

Maximalni tlakova sila krcku pravého 143 (118- 167) 146 (132-164) 0,84333
femuru (N)

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.
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Graf 8. 2: Grafické znazornéni testovani mechanické odolnosti kostni tkané

7.2 Vliv zonisamidu na kostni metabolismus u potkant

Hmotnost, télesna skladba a hladina zonisamidu v séru

Hmotnost skupiny SHAM+ZNS byla snizena, ale statisticky nevyznamné oproti
skupiné SHAM. Po 12 tydnech podavani ZNS nedosSlo k vyznamnému zvySeni
hmotnosti skupiny ORX+ZNS ve srovnani se skupinou ORX. DXA ukazala, Zze u
skupiny SHAM+ZNS nedoslo k vyznamnému sniZeni svalové tkané (g) a tukové tkané
(%) oproti skupiné SHAM. Ve skupiné ORX+ZNS bylo zji$téno nevyznamnému

zvySeni svalové tkané (g) a snizeni tukové tkané (%) oproti skupiné ORX.

Koncentrace ZNS odpovidala terapeutické hladiné 1éCiva u Clovéka (10-40 mg/l).
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Parameter SHAM SHAM+ZNS P value
Hmotnost na konci 503 (433-517) 463,5 (410,5- 492,8) 0,31843
pokusu (g)

Tukova tkan (g) 59,1 (41,5- 70,4) 46,8 (40,8- 52,4) 0,10408
Tukova tkan (%) 14,5 (11,6- 17,8) 12,8 (11,5- 14,6) 0,15379
Svalova Tkan (g) 330,5 (285,4- 355,0) 323,3 (294,4- 352,5) 0,83412
Serum drug 25,90 (23,06-26,53)

concentration (mg/l)

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Parameter ORX ORX+ZNS P value
Hmotnost na konci 428 (409,8- 462) 440 (419 8- 475,8) 0,84202
pokusu (g)

Tukova tkan (g) 61,5 (56,6- 66,5) 51,8 (45,6- 64,9) 0,189263
Tukova tkan (%) 16,5 (14,9-18,9) 14,5 (12,3- 19,8) 0,26906
Svalova Tkan (g) 289 (284,1- 323,8) 307,7 (297,6- 342,7) 0,49658

Serum drug

concentration (mg/l)

23,82 (22,75- 25,48)

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Hladiny kostnich markert

Nebyly zjiStény zadné statisticky vyznamné zmeény kostnich markerd mezi skupinou

SHAM+ZNS oproti skupiné SHAM a skupinou ORX+ZNS oproti skupiné ORX.
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Parameter SHAM SHAM+ZNS P value
Sclerostin (pg/ml) 325,42 (257,83 —412,94) 425,92 (333,85- 483,14) 0,660140
OPG (pg/ml) 450,83 (432,66- 703,96) 438,73 (401,68- 474,38) 0,14064
PINP (ng/ml) 71,71 (38,36- 85,75) 43,63 (33,80- 71,71) 0,34289
RANKL (pg/ml) 142,85 (128,15-421,19) 419,48 (238,29-508,83) 0,218566
BALP (ng/ml) 2,64 (2,12- 3,29) 2,88 (2,57- 2,99) 0,636502
Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Parameter ORX ORX+ZNS P value
Sclerostin (pg/ml) 635,35 (417,51 —759,80) 660,57 (491,57 — 836,90) 0,874826
OPG (pg/ml) 460,25 (380,14- 598,95) 376,78 (335,71- 476,41 0,135595
PINP (ng/ml) 89,96 (58,02- 131,03) 84,34 (54,86- 138,92) 0,92591
RANKL (pg/ml) 152,63 (84,06- 242) 275,05 (174,65- 435,39) 0,12526
BALP (ng/ml) 2,99 (1,45- 4,30) 3,23 (2,97- 3,54) 0,67688

Data jsou vyjadiena jako median (25.-75. percentil).

Méreni kostni mineralni denzity

Po 12 tydnech podavani ZNS byla stanovena hustota kostniho mineralu pomoci DXA.

Ve skupiné SHAM+ZNS nebyl pozorovan zadny statisticky vyznamny rozdil v

hodnotach BMD v oblasti celého téla, bedernich obratll nebo obou femurl oproti

skupiné SHAM. Ve skupiné ORX+ZNS také nebyl zjistén statisticky vyznamny rozdil v

hodnotach BMD v oblasti celého téla, bedernich obratlt ani obou femurt oproti skupiné

ORX.

54



Parameter SHAM SHAM+ZNS P value
Celé télo

BMD (g/cm?) 0,171 (0,158- 0,178) 0,164 (0,162- 0,182) 0,94075
Diafyza pravého femuru

BMD (g/cm?) 0,176 (0,167- 0,183) 0,171 (0,160- 0,183) 0,71901
Diafyza levého femuru

BMD (g/cm?) 0,181 (0,163- 0,186) 0,176 (0,170- 0,186) 0,93196
Bederni obratle (L3-L5)

BMD (g/cm?) 0,206 (0,191- 0,218) 0,203 (0,191-0,211) 0,64016

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Parameter ORX ORX+ZNS P value
Celé télo

BMD (g/cm?) 0,153 (0,149- 0,160) 0,154 (0,148- 0,158) 0,99100
Diafyza pravého femuru

BMD (g/cm?) 0,153 (0,150- 0,163) 0,157 (0,151- 0,166) 0,45294
Diafyza levého femuru

BMD (g/cm?) 0,163 (0,153- 0,167) 0,160 (0,152- 0,171) 0,90380
Bederni obratle (L3-L5)

BMD (g/cm?) 0,176 (0,174- 0,188) 0,179 (0,169- 0,182) 0,99193

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Testovani mechanické odolnosti kostni tkané

Podavani ZNS po dobu 12 tydnd nevedlo k statisticky vyznamnému rozdilu v

hodnocenych parametrech mezi skupinou SHAM+ZNS oproti skupiné SHAM a
skupinou ORX+ZNS oproti skupiné ORX.
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Parameter SHAM SHAM+ZNS P value
Levy femur (LF) délka (mm) 36,47 (35,83- 37,68) 36,30 (35,90- 36,91) 0,792896
Pravy femur (PF) délka (mm) 36,42 (35,37- 37,32) 35,89 (35,47- 36,74) 0,48381
LFpramér (mm) 3,57 (3,47- 3,74) 3,47 (3,30- 3,69) 0,22269
PF pramér (mm) 3,51 (3,38- 3,61) 3,34 (3,16- 3,54) 0,13430
Tloustka kompakty LF (mm) 0,70 (0,61- 0,70) 0,68 (0,65- 0,70) 0,980109
Tloustka kompakty PF (mm) 0,69 (0,61- 0,70) 0,63 (0,59- 0,65) 0,087024
Mechanicka odolnost LF pfi 197 (184- 225) 183 (173,75-211,75)  0,33605
tfibodovém ohybani (N)
Mechanicka odolnost PF pfi 217 (202- 234) 209,5 (191,75-229,0)  0,29170
tfibodovém ohybani (N)
Maximalni tlakova sila kréku levého 151 (121_ 175) 131,5 (1 17,25- 153,25) 0,26576
femuru (N)
Maximalni tlakova sila kréku pravého 143 (1 18- 167) 146,5 (128,25- 179,5) 0,75879
femuru (N)

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.
Parameter ORX ORX+ZNS P value
Levy femur (LF) délka (mm) 35,58 (35,05- 36,42) 36,60 (34,34- 37,01) 0,75555
Pravy femur (PF) délka (mm) 35,24 (34,90- 35,90) 35,67 (34,02- 36,77) 0,98276
LFpramér (mm) 3,20 (3,14- 3,34) 3,18 (3,06- 3,33) 0,56384
PF pramér (mm) 3,14 (3,03- 3,36) 3,21 (3,03- 3,34) 0,75273
TlouStka kompakty LF (mm) 0,65 (0,57- 0,68) 0,58 (0,55- 0,61) 0,08994
Tloustka kompakty PF (mm) 0,63 (0,60- 0,66) 0,59 (0,55- 0,63) 0,09654
Mechanicka odolnost LF pfi 162 (152- 168) 170 (151- 190) 0,27811
tfibodovém ohybéni (N)
Mechanicka odolnost PF pfi 182 (177- 204) 188 (174- 195) 0,93035
tfibodovém ohybani (N)
Maximalni tlakova sila kréku levého 159 (122- 160) 130 (110- 159) 0,20453
femuru (N) '
Maximalni tlakova sila kréku pravého 146 (132-164) 152 (141_ 168) 0.82681

femuru (N)

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.
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7.3 Vliv gabapentinu na kostni metabolismus u potkan

Hmotnost, télesna skladba a hladina gabapentinu v séru

Nebyly zjiStény Zadné statisticky vyznamné zmény hmotnosti, zastoupeni tukové tkané
a svaloveé tkané ve skupiné SHAM+GBP versus skupinou SHAM. Nebyl pozorovan
statisticky vyznamny rozdil ve hmotnosti, zastoupeni tukové tkané a svaloveé tkané ve
skupiné ORX+ GBP oproti skupiné ORX.

Koncentrace gabapentinu ve skupiné SHAM+GBP a ORX+GBP odpovidala

terapeutickému rozmezi pro Clovéka 2-20 mg/l.

Parameter SHAM SHAM+ GBP P value
Hmotnost na konci 503 (405,8- 519,8) 484.5 (468 8- 528,5) 0,67420
pokusu (g)

Tukova tkan (g) 59,1 (41,5- 70,4) 48,2 (45,5- 55,8) 0.30601
Tukova tkan (%) 14,5 (11,6- 17,8) 121 (11.2- 13.4) 0.08701
Svalova Tkaf (g) 330,5 (285,4- 355,0) 354 (336,9- 372,2) 0.09309
Serum drug ) 8,9 (8,5-9,6)

concentration (mgl/l)

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Parameter ORX ORX+ GBP P value
Hmotnost na konci 428 (409,8- 462) 446.5 (427,5- 475) 0,33749
pokusu (g)

Tukova tkan (g) 61,5 (56,6- 66,5) 61 (57,4-71) 0.87483
Tukova tkan (%) 16,5 (14,9-18,9) 16.1 (15.6-17) 0.87446
Svalova Tkaf (g) 289 (284,1- 323,8) 310,9 (296,8- 336,2) 0.22715
Serum drug ) 7.8 (7.0- 8.4)

concentration (mgl/l)

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.
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Hladiny kostnich markert

K posouzeni vlivu 1éEby GBP na kostni obrat byly méfeny kostni markery. Ve skupiné
SHAM+GBP jsme nezjistili zadné statisticky vyznamné zmény markert kostniho
obratu oproti skupiné SHAM. Ve skupiné ORX+GBP doslo k statisticky vyznamnému
zvyseni hladiny RANKL oproti skupiné ORX. Ostatni hladiny kostnich markert ve
skupiné ORX+GBP nebyli statisticky vyznamné.

Parameter SHAM SHAM+GBP P value
Sclerostin (pg/ml) 325,42 (257,83 — 412,94) 327,11 (297,92-449,31) 0.69891
OPG (pg/ml) 450,83 (432,66- 703,96) 611,08 (567,98- 674,35) 0.18926
PINP (ng/ml) 71,71 (38,36- 85,75) 80,13 (54,33- 108,39) 0.34073
RANKL (pg/ml) 142,85 (128,15-421,19) 309,3 (255,45- 379,06) 0.26049
BALP (ng/ml) 2,64 (2,12- 3,29) 2,73 (2,04- 2,86) 0.51557

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Parameter ORX ORX+GBP P value
Sclerostin (pg/ml) 635,35 (417,51 —759,80)  554,5 (459,03- 662,66) 0.49484
OPG (pg/ml) 460,25 (380,14- 598,95) 484,5 (418,5- 517,48) 0.93590
PINP (ng/ml) 89,96 (58,02- 131,03) 83,64 (36,43- 150,33) 0.98092
RANKL (pg/ml) 152,63 (84,06- 242) 576,18 (466- 705,93) 0.00050
BALP (ng/ml) 2,99 (1,45- 4,30) 2,79 (2,54- 3,24) 0.78216

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Méreni kostni mineralni denzity

Po 12 tydnech podavani GBP byla stanovena hustota kostniho mineralu pomoci DXA.
Ve skupiné SHAM+GBP nebyly pozorovany statisticky vyznamné rozdily BMD v

oblasti celého téla, bedernich obratll ani obou femurd oproti skupiné SHAM. Ve
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skupiné ORX+GBP nebyly zjiStény zadné statisticky vyznamné zmény BMD v oblasti

celého téla, bedernich obratld nebo obou femurt oproti skupiné ORX.

Parameter SHAM SHAM+GBP P value
Celé télo

BMD (g/cm?2) 0,171 (0,158-0,178) 0,171 (0,17-0,174) 0.63468
Diafyza pravého femuru

BMD (g/cm?2) 0,176 (0,167- 0,183) 0,175 (0,17-0,18) 0.79044
Diafyza levého femuru

BMD (g/cm?) 0,181 (0,163- 0,186) 0,178 (0,165-0,184) 0.80779
Bederni obratle (L3-L5)

BMD (g/cm?) 0,206 (0,191- 0,218) 0,203 (0,197-0,209) 0.78300

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Parameter ORX ORX+ GBP P value
Celé télo

BMD (g/cm?) 0,153 (0,149- 0,160) 0,157 (0,155- 0,159) 0.11465
Diafyza pravého femuru

BMD (g/cm?) 0,153 (0,150- 0,163) 0,159 (0,153- 0,167) 0.36227
Diafyza levého femuru

BMD (g/cm?) 0,163 (0,153- 0,167) 0,165 (0,158- 0,174) 0.24045
Bederni obratle (L3-L5)

BMD (g/cm?) 0,176 (0,174- 0,188) 0,174 (0,172- 0,184) 0.67420

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.
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Testovani mechanické odolnosti kostni tkané

Bylo provedeno mechanické testovani odolnosti levého a pravého femuru po podavani

GBP po dobu 12 tydnl. Testovani nevedlo k statisticky vyznamnému rozdilu v

hodnocenych parametrech mezi skupinou SHAM+GBP oproti skupiné SHAM a
skupinou ORX+GBP oproti skupiné ORX.

Parameter

SHAM

SHAM+GBP

P value

Levy femur (LF) délka (mm)
Pravy femur (PF) délka (mm)
LFprdmér (mm)

PF prdmér (mm)

Tloustka kompakty LF (mm)
Tloustka kompakty PF (mm)

Mechanicka odolnost LF pfi
tfibodovém ohybani (N)

Mechanicka odolnost PF pfi
tfibodovém ohybani (N)

Maximalni tlakova sila kréku levého

femuru (N)

Maximalni tlakova sila kréku pravého

femuru (N)

36,47 (35,83- 37,68)

36,42 (35,37- 37,32)

3,57 (3,47- 3,74)

3,51 (3,38- 3,61)

0,70 (0,61- 0,70)

0,69 (0,61- 0,70)

197 (184- 225)

217 (202- 234)

151 (121- 175)

143 (118- 167)

37,7 (35,63- 38,78)

37,44 (35,76-39)

3,6 (3,44-3,74)

3,46 (3,25-3,54)

0,69 (0,63-0,78)

0,67 (0,66- 0,80)

211 (191- 227)

239 (220- 245)

162 (153- 173)

163 (153- 172)

0.56352

0.35350

0.92620

0.18460

0.44080

0.980109

0.69957

0.27797

0.39296

0.44581

Data jsou vyjadiena jako median (25.-75. percentil); 'p <0,05.
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Parameter ORX ORX+ GBP P value
Levy femur (LF) délka (mm) 35,58 (35,05- 36,42) 36,2 (34,9- 36,39) 0.71299
Pravy femur (PF) délka (mm) 35,24 (34,90- 35,90) 35,87 (34,51- 36,17) 0.79968
LFpramér (mm) 3,20 (3,14- 3,34) 3,31 (3,21- 3,34) 0.61656
PF pramér (mm) 3,14 (3,03- 3,36) 3,16 (3,13- 3,30) 0.74749
Tloustka kompakty LF (mm) 0,65 (0,57- 0,68) 0,62 (0,58- 0,65) 0.37326
TlouStka kompakty PF (mm) 0,63 (0,60- 0,66) 0,62 (0,57- 0,63) 0.28799
Mechanicka odolnost LF pfi 162 (152- 168) 181 (176-184) 0.06173
tfibodovém ohybani (N)

Mechanicka odolnost PF pfi 182 (177- 204) 197 (191- 206) 0.24851
tfibodovém ohybani (N)

Maximalni tlakova sila kréku levého 159 (122_ 160) 138 (1 19- 143) 0.14854
femuru (N)

Maximalni tlakova sila kréku pravého 146 (132-164) 147 (128- 158) 0.62090

femuru (N)

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

7.4 Vliv pregabalinu na kostni metabolismus u potkanu

Hmotnost, télesna skladba a hladina pregabalinu v séru

Bylo pozorovano statisticky nevyznamné snizeni hmotnosti ve skupiné SHAM+PGB

oproti skupiné SHAM a ORX+PGB ve srovnani se skupinou ORX. Nebyly zjistény

Zadné statisticky vyznamné zmény v zastoupeni tukové tkané a svalové tkané ve
skupiné SHAM+PGB a ORX+PGB oproti kontrolnim skupinam.

Koncentrace pregabalinu v obou skupinach odpovidala terapeutickému rozmezi pro

Clovéka 2-8 mgl/l.
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Parameter SHAM SHAM+ PGB P value
Hmotnost na konci 503 (405,8- 519,8) 486,5 (478,5- 516) 0,71319
pokusu (g)
Tukova tkan (g) 59,1 (41,5- 70,4) 60,6 (52,7- 66,9) 0.56352
Tukova tkan (%) 14,5 (11,6- 17,8) 15 (13.7- 18.2) 0.49484
Svalova Tkan (g) 330,5 (285,4- 355,0) 334,3 (317,1- 341,5) 0.78318
Serum drug

3,9 (3,6-4,3
concentration (mg/l) 9 (36-4.3)
Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.
Parameter ORX ORX+ PGB P value
Hmotnost na konci 428 (409,8- 462) 425 (416,2- 441,3) 0,63786
pokusu (g)
Tukova tkan (g) 61,5 (56,6- 66,5) 70,8 (65,4- 71,5) 0.09334
Tukova tkan (%) 16,5 (14,9-18,9) 19,3 (18.4- 20,5) 0.10379
Svalova Tkan (g) 289 (284,1- 323,8) 278,5 (263,1- 297,9) 0.11821

Serum drug

concentration (mg/l)

4,8 (4,5-5,0)

Data jsou vyjadiena jako median (25.-75. percentil); 'p <0,05.

Hladiny kostnich markert

Po 12 tydnech byly méfeny markery kostniho obratu. Ve skupiné SHAM+PGB jsme

zaznamenali statisticky vyznamné zvySenou hladinu sklerostinu oproti skupiné SHAM.

Ve skupiné ORX+PGB doslo k statisticky vyznamnému zvySeni hladiny RANKL oproti

skupiné ORX. Ostatni

vyznamnost.

hladiny kostnich markeru

nevykazovaly statistickou
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Parameter SHAM SHAM+PGB P value
Sclerostin (pg/ml) 325,42 (257,83 —412,94) 707,48 (520,25~ 1037,06) 0.00686
OPG (pg/ml) 450,83 (432,66- 703,96) 481,8 (428,6- 544,4) 0.79290
PINP (ng/ml) 71,71 (38,36- 85,75) 87,50 (55,21- 96,45) 0.43425
RANKL (pg/ml) 142,85 (128,15-421,19) 546,78 (473,31- 652,05) 0.06371
BALP (ng/ml) 2,64 (2,12- 3,29) 2,75 (2,62- 3,05) 0.37203
Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Parameter ORX ORX+PGB P value
Sclerostin (pg/ml) 635,35 (417,51 — 759,80) 882,34 (463,28- 1343,33) 0.49484
OPG (pg/ml) 460,25 (380,14- 598,95) 415,83 (391,6- 428,61) 0.18894
PINP (ng/ml) 89,96 (58,02- 131,03) 126,46 (81,53- 166,13) 0.27780
RANKL (pg/ml) 152,63 (84,06- 242) 598,18 (551,66- 709,56) 0.00009
BALP (ng/ml) 2,99 (1,45- 4,30) 3,11 (2,65- 3,18) 0.84559

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Méreni kostni mineralni denzity

Hustota kostniho mineralu byla méfena po 12 tydnech podavani PGB. Ve skupiné

SHAM+PGB nebyly pozorovany statisticky vyznamné rozdily BMD v oblasti celého

téla, bedernich obratlt ani obou femurd oproti skupiné SHAM. Ve skupiné ORX+PGB

nebyly zjistény zadné statisticky vyznamné zmény BMD v oblasti celého téla,

bedernich obratlli nebo obou femur( oproti skupiné ORX.
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Parameter SHAM SHAM+PGB P value
Celé télo

BMD (g/cm?) 0,171 (0,158- 0,178) 0,178 (0,171- 0,180) 0.17205
Diafyza pravého femuru

BMD (g/cm?) 0,176 (0,167- 0,183) 0,177 (0,169- 0,182) 0.53856
Diafyza levého femuru

BMD (g/cm?) 0,181 (0,163- 0,186) 0,178 (0,173- 0,180) 0.87483
Bederni obratle (L3-L5)

BMD (g/cm?) 0,206 (0,191- 0,218) 0,214 (0,207- 0,220) 0.21399

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Parameter ORX ORX+ PGB P value
Celé télo

BMD (g/cm?) 0,153 (0,149- 0,160) 0,159 (0,153- 0,161) 0.087024
Diafyza pravého femuru

BMD (g/cm?) 0,153 (0,150- 0,163) 0,153 (0,151- 0,161) 0.84452
Diafyza levého femuru

BMD (g/cm?) 0,163 (0,153- 0,167) 0,157 (0,154- 0,161) 0.25264
Bederni obratle (L3-L5)

BMD (g/cm?) 0,176 (0,174- 0,188) 0,181 (0,177- 0,186) 0.77603

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.
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Testovani mechanické odolnosti kostni tkané

Podavani PGB po dobu 12 tydnU nevedlo k statisticky vyznamnému rozdilu v

hodnocenych parametrech mezi skupinou SHAM+PGB oproti skupiné SHAM a
skupinou ORX+PGB oproti skupiné ORX.

Parameter SHAM SHAM+PGB P value
Levy femur (LF) délka (mm) 36,47 (35,83- 37,68) 36,76 (35,89-37,99) 0.71299
Pravy femur (PF) délka (mm) 36,42 (35,37- 37,32) 36,48 (36,08- 37,77) 0.79904
LFpramér (mm) 3,57 (3,47- 3,74) 3,51 (3,37- 3,60) 0.10868
PF pramér (mm) 3,51 (3,38- 3,61) 3,38 (3,32- 3,52) 0.14681
Tloustka kompakty LF (mm) 0,70 (0,61- 0,70) 0,62 (0,58- 0,69) 0.12536
TlouStka kompakty PF (mm) 0,69 (0,61- 0,70) 0,64 (0,60-0,66) 0.087024
Mechanicka odolnost LF pfi 197 (184- 225) 212 (198- 217) 0.38170
tfibodovém ohybani (N)

Mechanicka odolnost PF pfi 217 (202- 234) 218 (204- 240) 0.65684
tfibodovém ohybani (N)

Maximalni tlakova sila krcku levého 151 (121- 175) 155 (131-158) 0.84236
femuru (N)

Maximalni tlakova sila kréku pravého 143 (118- 167) 159 (145- 182) 0.26791

femuru (N)

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.
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Parameter ORX ORX+ PGB P value
Levy femur (LF) délka (mm) 35,58 (35,05- 36,42) 35,15 (34,44-35,84) 0.23521
Pravy femur (PF) délka (mm) 35,24 (34,90- 35,90) 34,76 (34,19- 35,44) 0.11504
LFprdmér (mm) 3,20 (3,14- 3,34) 3,17 (3,14-3,28) 0.52124
PF pramér (mm) 3,14 (3,03- 3,36) 3,23 (3,09-3,31) 0.93151
Tloustka kompakty LF (mm) 0,65 (0,57- 0,68) 0,6 (0,59-0,64) 0.30330
TlouStka kompakty PF (mm) 0,63 (0,60- 0,66) 0,62 (0,59-0,68) 1.00000
Mechanicka odolnost LF pfi 162 (152- 168) 172 (158- 184) 0.32533
tfibodovém ohybani (N)

Mechanicka odolnost PF pfi 182 (177- 204) 198 (181- 204) 0.82168
tfibodovém ohybani (N)

Maximalni tlakova sila kréku levého 159 (122_ 160) 145 (124_ 159) 0.64755
femuru (N)

Maximalni tlakova sila kréku pravého 146 (132_1 64) 158 (141_ 181 ) 0.48489

femuru (N)

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05

7.5 Vliv levetiracetamu na kostni metabolismus u potkant

Hmotnost, télesna skladba a hladina levetiracetamu v séru

Hmotnost potkan( uzivajicich SLD s LEV byla na konci pokusu snizena, ale statisticky

nevyznamné oproti kontrolnim skupinam. Ve skupiné SHAM+LEV bylo zjisténo

statisticky vyznamné sniZeni tukové tkané (g, %), ne vSak svalové tkané, oproti

kontrolni skupiné SHAM. Ve skupiné ORX+LEV doSlo k nevyznamnému poklesu

svalové tkané a sniZeni tukové tkané oproti skupiné ORX.

Koncentrace LEV odpovidala v obou skupinach terapeutickému rozmezi u Clovéka

(35,3 — 235 pmol/l).
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Parameter SHAM SHAM+LEV P value
Hmotnost na konci 408,1 (387,5-429,75) 393,4 (383- 405,2) 0,44322
pokusu (g)

Tukova tkar (g) 61,8 (60,65-63,5) 35,85 (31,58 37,1) 0,001460
Tukova tkar (%) 15,4 (14,65-15,9) 8,95 (7,9-9,4) 0,002066
Svalova Tkaf (g) 3451 (323,95-366,85)  358,8 (344,8- 372,4) 0,50220
Serum drug - 225,35 (215,23- 235,25)
concentration (umol/I)

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Parameter ORX ORX+LEV P value
Hmotnost na konci 4005 (385,95- 410,75  390,6 (388,18-402,93)  0,74320
pokusu (g)

Tukova tkar (g) 75,7 (66,03- 80,7)? 66,1 (56,45- 76,08) 0,318069
Tukova tkaf (%) 18,6 (16,65-19.8) 16,9 (13,2 19,75 0,38446
Svalova Tkaf (g) 328,8 (308,93 336,85) 318 (310,5- 344,7) 0,69324
Serum drug - 197,75 (188,4- 210,23)

concentration (umol/I)

Data jsou vyjadiena jako median (25.-75. percentil); 'p <0,05.

Hladiny kostnich markert

K posouzeni vlivu 1é€by LEV na kostni obrat byly méfeny kostni markery. U skupiny

potkand SHAM+LEV doSlo po 12 tydnech k staticky vyznamnému zvySeni BALP a

CTX-l. U skupiny ORX+LEV byly pozorovany statisticky vyznamné zvySené hladiny
BALP, CTX-l a RANKL oproti kontrolni skupiné orchidektomovanych potkant (ORX).
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Parameter SHAM SHAM+LEV P value
BALP (ng/ml) 1,069 (0,882-1,888) 3,62 (2,12- 4,87) 0,00868
Sclerostin 469,62 (377,474-539,791) 420,27 (380,67- 505,97) 0,792896
CTX I (pg/ml) 83,015 (46,301-152,004) 340,24 (114,50- 569,41) 0,03438
PINP (ng/ml) 1,045 (0,93-1,12) 4,45 (0- 8,80) 0,282673
RANKL (pg/ml) 359,41 (348,886-592,977) 581,58 (467,16- 791,77) 0,14679
Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Parameter ORX ORX+LEV P value
BALP (ng/ml) 1,283 (0,954~ 1,531) 3,911 (3,631-4,605) 0,00071
Sclerostin 332,936 (112,56- 473,18)  435,5 (413,67- 467,56) 0,18327
CTX I (pg/ml) 32,513 (0- 126,09) 564,4 (513,37- 851,54) 0,005051
PINP (ng/ml) 0,875 (0,41-1,52) 1,199 (0- 10,613) 0,282673
RANKL (pg/ml) 659,16 (555,4- 760,3) 0,00085

312,072 (197,04- 364,58)

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Méreni kostni mineralni denzity

Hustota kostniho mineralu byla méfena po 12 tydnech podavani LEV. Bylo zjisténo

statisticky vyznamné zvySeni BMD celého téla a to jak ve skupiné SHAM+LEV, tak i

ve skupiné ORX+LEV oproti kontrolnim skupinam. Hodnoty BMD bedernich obratl(,

pravého a levého femuru nebyly statisticky vyznamné zménéné ve skupiné
SHAM+LEV a ORX+LEV oproti kontrolnim skupinam.
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Parameter SHAM SHAM+LEV P value

Celé télo

BMD (g/cm?) 0,164 (0,160-0,166) 0,176 (0,173-0,178)  0,02139

Diafyza pravého femuru

BMD (g/cm?) 0,185 (0,176-0,196) 0,178 (0,172-0,189)  0,685443

Diafyza levého femuru

BMD (g/cm2) 0,186 (0,177-0,186) 0,182 (0,173-0,190)  0,78785

Bederni obratle (L3-L5)

BMD (g/cm?) 0,220 (0,197-0,222) 0,22 (0,215- 0,225) 0,24142

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.

Parameter ORX ORX+LEV P value
Celé télo
BMD (g/cm2) 0,154 (0,152-0,160) 0,166 (0,162-0,1712)  0,01141

Diafyza pravého femuru

BMD (g/cm?) 0,171 (0,166- 0,176) 0,169 (0,165-0,173)  0,89917
Diafyza levého femuru

BMD (g/cm?) 0,165(0,149- 0,171) 0,164 (0,156-0,171)  0,92336
Bederni obratle (L3-L5)

BMD (g/cm?) 0,192 (0,186- 0,202) 0,200 (0,197- 0,208) 0,55136

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.



o P=002139 P=0,01141
T 1 T 1

Celétélo
BMD (gicm?)
be

SHAM SHAM-+LEV ORX OR¥+LEV

Graf €. 3: Porovnani naméfenych hodnot BMD mezi skupinou SHAM versus
SHAM+LEV a skupinou ORX versus ORX+LEV

Testovani mechanické odolnosti kostni tkané

Podavani LEV po dobu 12 tydni nevedlo k statisticky vyznamnému rozdilu v
hodnocenych parametrech mezi skupinou SHAM+LEV oproti skupiné SHAM a
skupinou ORX+LEV oproti skupiné ORX.
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Parameter SHAM SHAM+LEV P value
Levy femur (LF) délka (mm) 37,44 (36,94-38,26) 37,38 (37,12- 37,99) 0,93090
Pravy femur (PF) délka (mm) 37,02 (36,705- 38,165) 37,31 (36,92- 37,72) 0,95235
LFpramér (mm) 3,39 (3,315-3,63) 3,52 (3,46- 3,74) 0,73359
PF primér (mm) 3,49 (3,4-3,655) 3,59 (3,52-3,7) 0,86066
Tloustka kompakty LF (mm) 0,65 (0,605-0,67) 0,60 (0,588- 0,64) 0,416636
Tloustka kompakty PF (mm) 0,71 (0,65-0,72) 0,65 (0,60- 0,67) 0,07383
Mechanicka odolnost LF pfi 187,5 (176,25-203,5)  191,5 (179,75-228,5)  0,82003
tfibodovém ohybani (N)
Mechanicka odolnost PF pfi 223 (215,25-238) 233 (226,75-243,75)  0,92059
tfibodovém ohybani (N)
Maximalni tlakova sila kréku levého 112 (101 ’75_157) 1475 (139_ 160,75) 0,09937
femuru (N)
Maximalni tlakova sila kréku pravého 139 (128,5-1 47‘5) 151 (126-152) 0,96539
femuru (N)

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.
Parameter ORX ORX+LEV P value
Levy femur (LF) délka (mm) 36,31 (35,59- 36,87) 36,3 (36,07- 36,71) 0,93090
Pravy femur (PF) délka (mm) 36,46 (35,64- 36,69) 36,73 (36,11- 36,94) 0,95235
LFpramér (mm) 3,46- (3,4- 3,55) 3,49 (3,46- 3,51) 0.73359
PF priimér (mm) 3,41 (3,32- 3,51) 3,49 (3,36-3,54) 0,86066
Tloustka kompakty LF (mm) 0,65 (0,62- 0,68) 0,63 (0,62- 0,64) 0,416636
Tloustka kompakty PF (mm) 0,63 (0,60- 0,65) 0,62 (0,62- 0,63) 0,07383
Mechanickéa odolnost LF pfi 182,5 (174-190) 188 (173,5- 195,75) 0,82003
tfibodovém ohybani (N)
Mechanicka odolnost PF pfi 208,5 (185- 222,5) 211,5 (205- 222,5) 0.92059
tfibodovém ohybani (N)
Maximalni tlakova sila kréku levého 129,5 (109-143) 132 (126-139) 0.09937
femuru (N)
Maximalni tlakova sila kréku pravého  135,5 (128-143,75) 130,5 (118,25- 137,75)  ( 96539

femuru (N)

Data jsou vyjadiena jako median (25.-75. percentil); "p <0,05.
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8. Diskuze

U pacientu uzivajicich AED "starSi generace", zejména induktory enzymu cytochromu
p450 (CYP450): karbamazepin, fenytoin, fenobarbital a primidon, bylo pozorovano
snizeni kostni mineralni denzity (BMD), ktera je nejvyznamnéjSim prediktorem rizika
zlomenin (Ko et at, 2020). U pacientd léCenych novéjSimi AED, které neindukuji
enzymy, je méné pravdépodobné, Ze u nich bude diagnostikovana osteoporédza.
Vétsina studii o AED je prufezova. Existuje pouze nékolik longitudinalnich studii s

novéjSimi AED a jejich vlivem na kosti.

Sledovani kvality kostni tkané u lidi je do znacné miry problematické, protoze vysledky
studii mohou byt ovlivnény Fadou rozli€nych faktor,, mezi které se fadi fyzicka aktivita,
strava, frekvence zachvat(, rozdily ve vychozich hodnotach BMD mezi hodnocenymi
subjekty a uzivani jinych AED v minulosti. Naproti tomu nam zvifeci model poskytuje

systém, ktery je izolovan od nemoci, zivotniho stylu, 1€kl a dalSich matoucich faktord.

8.1 VIliv orchidektomie na kostni metabolismus u potkanti

Byli porovnavany vysledky dvou skupin potkanu kmene Wistar, kdy jedna skupina
potkanl podstoupila orchidektomii (ORX) a u druhé skupiny byl proveden pouze
operacni fez (SHAM). V dusledku orchidektomie jsme u potkand po 12 tydnech
porozovali statisticky vyznamné snizeni BMD v oblasti celého téla, bedernich obratlu,
pravého a levého femuru. Provedena orchidektomie méla vliv na primér pravého a
levého femuru a zpUsobila snizenou mechanickou odolnost téchto kosti. Po provedené
orchidektomii dochazi k poklesu hladiny androgenu, které jsou nezbytné nejen pro
vyvoj kosti, ale i pro udrzeni kostni hmoty. NaSe vysledky jsou v souladu se studii
provedenou na mysSich, které byly vystaveny blokaci androgennich receptoru, coz se
projevilo vyraznym poskozenim mikrostruktury kosti a poklesem BMD (Chen et al,
2019). Také jina studie na potkanech ukazuje, Ze deficience androgenu negativné
ovliviiuje stavbu téla snizenim celkové hmotnosti, naristem télesného tuku a snizenim
BMD (Vanderschueren et al., 2000). NejdllezitéjSi androgeny jsou pFedevSim

testosteron a 5a-dihydrotestosteron (DHT), které ovliviiu;ji lidskou kostru u muzd i zen.
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Testosteron pusobi na skelet anabolicky prostfednictvim pfenosu signalu vazbou na
androgenni receptor nebo pfreménou na 17- beta estradiol prostfednictvim enzymu
aromatazy (z rodiny cytochromu P450), ktery se pak vaze na estrogenové receptory.
Jak estrogeny, tak testosteron maji receptory na vSech kostnich bunkach, pficemz
androgenni receptory dominuji na osteoblastech a osteocytech. Androgeny zvySuji
proliferaci, diferenciaci osteoblastu a podileji se na regulaci mineralizace kostni tkané.
Androgeny také reguluji aktivitu osteoklastl (Leder et al., 2020). U dospélych jsou
stavy androgenni deprivace spojeny s vyznamnym snizenim mineralni kostni hustoty.
Se starnutim dochazi k poklesu biologicky dostupnych hladin testosteronu i estradiolu,
Castecné v dusledku zvySené produkce globulinu vazajiciho pohlavni hormony. Pokles
hladin androgenu je paralelni s poklesem kortikalni i trabekularni hustoty kostniho
mineralu, s ¢imz souvisi zvySeni rizika zlomenin ve srovnani s béZnou populaci (Leder
et al., 2020).

Nase vysledky potvrzuji dostupna fakta, ze deficit androgenl u rostoucich potkanu
negativné ovliviiuje vyvoj kosti. Mlady potkan ve vyvinu po provedené orchidektomii

muze byt povazovan za vhodny zvifeci model pro studium osteopenie.

8.2 Vliv zonisamidu na kostni metabolismus u potkant

V tomto pokusu nebyly zjistény zadné statisticky vyznamné zmény BMD ve skupiné
ORX+ZNS versus skupina ORX a skupina SHAM+ZNS ve srovnani se skupinou
SHAM. Dukazy tykajici se vlivu ZNS na BMD a kostni metabolismus jsou omezené. V
literatufe je zatim uvedeno jen malo a rozporupinych udaji o této problematice. Ve
studii Takahashi et al., vedlo podavani ZNS v davce 80 mg/kg denné subkutanné po
dobu 5 tydnu k vyznamnému snizeni hodnoty BMD tibie i femuru u potkant. Jejich
vysledky naznacduji, ze ZNS muze zpUsobovat ubytek kostni hmoty u zvifeciho
modelu. Na rozdil od pfedchozich vysledku, nebyl v nasi studii zjist€n negativni vliv
ZNS na hodnotu BMD. Na konci naseho pokusu byla hladina ZNS ve skupiné
ORX+ZNS 24,00 mg/l a ve skupiné SHAM+ZNS 25,13 mg/l, coz odpovida
terapeutickym hladinam Iéku (10- 40 mg/l). Moznost porovnani vysledku obou studii je
omezena, protoZe nezname jejich sérovou koncentraci ZNS. V literatufe se popisuje,
Ze AED maji bifazicky ucinek na kosti v zavislosti na davce. Snizena biomechanicka
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pevnost trabekularni kosti a snizené hladiny sérového osteokalcinu, markeru tvorby
kosti, byly pozorovany pfi nizké davce levetiracetamu (koncentrace 122 + 41 ymol/l),
ale nikoliv pfi podavani vysoké davky levetiracetamu (koncentrace 277 + 65 pmol/l)
(Nissen-Meyer et al., 2008). Také fenytoin (PTH) vykazuje na davce zavisly ucinek na
kost. Zatimco terapeutické davky PHT jsou spojeny s urychlenim ubytku BMD, nizké
davky tohoto Iéku maji osteogenni ucinek (Pack, 2008). Nelze vyloudit, Ze i ZNS mulze
ovlivitovat kost v zavislosti na jeho davce. V naSi studii jsou vysledky v souladu se
studii Koo et al., ktera byla hodnocena na lidech (Koo et al, 2020). Byly zkoumany
ucinky ZNS na BMD a biomarkery kostniho metabolismu po 13 mésicich |écby u
pacientll s epilepsii. Monoterapie ZNS neméla Skodlivé uc€inky na zdravi kosti.
Zkoumali jsme také vliv ZNS na mechanickou odolnost kostni tkané. Po 12 tydnech
podavani ZNS jsme nezaznamenali statisticky vyznamny rozdil v parametrech mezi
skupinou ORX+ZNS oproti skupiné ORX a skupinou SHAM+ZNS oproti skupiné
SHAM. Vysledky naseho pokusu naznacuji, Ze ZNS nema negativni vliv na pevnost
kosti. Studie Koo et al. rovnéz prezentuje, Ze monoterapie ZNS nema negativni vliv na

kostni metabolismus a pevnost kosti (Koo et al, 2020).

Mechanismus ucinku pusobeni ZNS na kost je stale nejasny. ZNS je slabym
inhibitorem karboanhydrazy, coz vede k renalni acidéze, ktera mize mit za nasledek
sekundarni abnormality na kosti (Pack et al., 2008). TPM stejné jako ZNS je
inhibitorem karboanhydrazy. Ve studii Simko et al. bylo prokdzano, ze monoterapie
TPM po dobu 12 tydna u orchidektomovanych potkand méla negativni vliv na BMD a
snizovala mechanickou pevnost kosti (Simko et al, 2014). Existuji i dalSi studie, které
podporuji riziko vlivu TPM na kostni tkan a abnormalni BMD (Zhang et al., 2010,
Coppola et al., 2009).

V predchozi studii Takahashiho et al., Ié€ba ZNS vyznamné zvysila sérovou hladinu
pyridinolinu, markeru kostni resorpce, zatimco sérova hladina osteokalcinu, markeru
kostni formace, nebyla ovlivnéna. Tato zjiSténi naznacuji, Zze na modelu potkant muze
ZNS zpusobovat ubytek kostni hmoty spiSe urychlenim kostni resorpce nez inhibici
kostni formace (Takahashi et al., 2003). V jiné studii na lidech se v8ak markery kostni
formace (BALP a OC) a marker kostni resorpce (C-telopeptid) po 13 mésicich 1éEby
ZNS vyznamné nezménily (Koo et al, 2020). V tomto pokusu jsme stanovili nékolik

markerl kostni formace a kostni resorpce. Zjisténé vysledky naznacuji, ze 1éEba ZNS

74



gonadalné intaktnich potkan a potkanu po orchidektomii po dobu 12 tydna vedla k

statisticky nevyznamnym zménam v markerech kostni formace a kostni resorpce.

Zavérem lze fici, ze experimentalni vysledky naseho pokusu naznacuiji, Ze dlouhodobé
podavani ZNS u orchidektomovanych potkant a gonadalné intaktnich potkanti nema
negativni vliv na hodnoty BMD, markery kostniho metabolismu ani mechanickou

odolnost kostni tkané.

8.3 Vliv gabapentinu a pregabalinu (gabapentinoidd) na kostni

metabolismus u potkanu

Po 12 tydnech podavani GBP a PGB nebyly zjistény zadné statisticky vyznamné
zmény BMD ani mechanické odolnosti pravého a levého femuru u gonadalné
intaktnich potkand, ani u orchidektomovanych potkanlt. Nebyly pozorovany zadné
zmény markert kostniho obratu s vyjimkou RANKL, markeru odrazejiciho aktivitu
osteoklastl, ve skupiné ORX+GBP a ORX+PGB. Ve skupiné SHAM+PGB byl zjistén
statisticky vyznamné zvySeny sklerostin oproti skupiné SHAM. V pfipadé GBP se nase
zjisténi shoduji se studii Kandy et al., ktera neprokazala Zzadné vyznamné zmeény v
BMD, mechanické pevnosti kosti nebo kostnich markerech u zvifat vystavenych
nizsim davkam GBP (30 mg/ kg) (Kanda et al., 2017). Bohuzel v této studii nedoslo ke
stanoveni sérovych hladin GBP. V nasi studii byly sérové hladiny GBP relativné nizké.
Median a mezikvartilové rozmezi sérovych hladin GBP u gonadalné intaktnich a
orchidektomovanych potkant byly 8,9 (8,5-9,6) mg/l, resp. 7,8 (7,0-8,4) mg/l. Na
zakladé farmakokinetickych udaji ziskanych po peroralnim podani GBP (Aryal et al.,
2011) Ize predpokladat, ze hladiny GBP zjisténé v nasi studii nebyly vy$si nez hladiny
dosazené po peroralnim podani GBP v davce 30 mg/kg a vysledky obou studii jsou
srovnatelné. Uginek GBP na kosti je pravdépodobné zavisly na davce. Vystaveni
vys$Sim davkam GBP (150 mg/kg) vedlo k vyznamnému snizZeni osteokalcinu (marker
kostni formace) a zvySeni tartrat-rezistentni kyselé fosfatazy 5b (marker kostni
resorpce). BMD a mechanicka pevnost kosti nebyly v této studii ovlivnény, ale
histomorfometrické analyzy ukazaly negativni zmény, v€etné snizeni objemu kosti,

objemu osteoidu a zvySeni poctu osteoklastl (Kanda et al., 2017).
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NaSe vysledky, které ukazuji posun v hladinach RANKL u potkanu po orchidektomii,
naznacuji, ze riziko negativnich uc€inki GBP nebo PGB na kost mlzZe zaviset na
hormonalnim stavu zvifat. Nedostatek pohlavnich hormond ma Skodlivé ucinky na
kostni tkan. Ackoli zakladni mechanismy negativniho vlivu GBP a PGB na kost jsou
nejasné. O ucincich gabapentinoidd na hladinu sklerostinu nejsou k dispozici zadné
udaje. V nasi studii jsme u gonadalné intaktnich zvifat pozorovali zvySeni sklerostinu
ve skupiné PGB. Sklerostin je dulezitym parakrinnim regulatorem kostni hmoty a mize
mit katabolické ucinky prostfednictvim inhibice funkce osteoblastl a zaroven stimulace
funkce osteoklastu (Delgado-Calle et al., 2017). V naS$i studii v8ak zména hladiny
sklerostinu nebyla spojena s vyznamnymi zménami BMD nebo mechanické pevnosti
kosti. MUzeme pouze spekulovat, Ze zmény obou vySe zminénych biochemickych
markerll pfedchazeji pozdéjSim zménam BMD a mechanické odolnosti kosti.
Vzhledem k nekonzistentnosti u¢inki AED na markery kostniho obratu a Spatné nebo
neexistujici korelaci mezi BMD a mechanickou pevnosti kosti je histomorfometricka
analyza kosti jednim z relevantnich diagnostickych nastroju pro spravné a komplexni
posouzeni rizika antiepileptik pro zdravi kosti (Kanda et al., 2017; Nissen-Meyer et al.,
2007).

Vyvstava otazka, zda je 12 tydnU dlouha expozice gabapentinoidim dostate¢na k
tomu, aby doslo k zménam BMD nebo mechanické pevnosti kosti. Kanda et al. (Kanda
et al., 2017) povazovali tento interval za pfiliS kratky a diskutovali o ném jako o jednom
z omezeni své studie. Na zakladé udaji od Sengupty (Sengupta, 2013) vSak jeden
mésic zivota potkana pfiblizné odpovida tfem lidskym rokim. Doba sledovani v nasi
studii a ve studii Kanda et al. (Kanda et al., 2017) byla tedy srovnatelna s pfiblizné
deviti lidskymi roky. Usoudili jsme, Ze interval 12 tydnU podavani GBP a PGB by mél
byt dostateCny k posouzeni vlivu AED na BMD nebo mechanickou pevnost kosti na
modelu potkand. Vzhledem k tomu, Ze ani nizké, ani vysoké davky GBP nemély vliv
na BMD nebo mechanickou pevnost kosti, Ize GBP povazZovat za IéCivo s niz§im

rizikem pro zdravi kosti ve srovnani s AED, ktera jsou induktory jaternich enzym.

Nami zjisténé vysledky ohledné PGB jsou v souladu se studii Akin et al., ktera
nezaznamenala negativni vliv PGB na kostni metabolismus a BMD. Do studie bylo
zahrnuto 40 jedincl uzivajicich PGB déle nez 6 mésicu a vysledky byly porovnany se
40 zdravymi lidmi. Byly méfeny kostni markery-ALP, osteokalcin a CTX-l a BMD

pomoci DXA. Nebyly zjistény zadné vyznamné rozdily v BMD bederni patefe a krCku
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femuru ani Zzadné rozdily v biochemickych markerech mezi témito dvéma skupinami.
Pacienti uzivajici PGB méné nez 24 mésicl, méli niz8i hodnoty T a Z skore v oblasti
bederni patefe nez pacienti, ktefi PGB uzivali déle nez 24 mésicl. Tento efekt byl

vyraznéjSi u pacientl muzského pohlavi (Akin et al., 2022).

V nasi studii GBP ani PGB neovliviiovaly BMD ani mechanickou pevnost kosti, Ize je
povazovat za léky s niZSim rizikem pro zdravi kosti. Na zakladé hodnoceni hladin
RANKL, je mozné naznacit, ze uCinek GBP a PGB na aktivitu osteoklastl maze byt
zavisly na hormonalnim stavu zvifat. Nelze vylouCit, Ze u zvifat s nedostatkem

pohlavnich hormonu existuje vysSi riziko ztraty kostni hmoty po expozici GBP a PGB.

8.4 VIiv levetiracetamu na kostni metabolismus u potkant

Na modelu orchidektomovanych potkant bylo zjisténo, Ze dlouhodoba léc¢ba LEV
vyznamné zvysSila BMD celého téla. Dale byl zjistény vyznamny vzestup kostnich
markeru-BALP, CTX-l a RANKL. Nebyly pozorovany zadné vyznamné rozdily
v mechanické odolnosti kosti. BEhem pokusu doSlo k nevyznamnému snizeni
absolutni i relativni hodnoty tukové tkané a svalové tkané. Na modelu potkan(, u
kterych byl proveden pouze operacni fez bylo po 12 tydnech uzivani LEV namérfeno
statisticky vyznamné zvySeni BMD celého téla. Naméfili jsme statisticky vyznamné
zvySeni markeru kostni formace-BALP, tak i markeru kostni resorpce CTX-l. Nebyly
zZjistény zadné statisticky vyznamné zmény v odolnosti kosti oproti skupiné SHAM.

Bylo potvrzeno vyznamné snizeni tukové tkané v porovnani se skupinou SHAM.

Nase vysledky jsou v souladu se studii na zvifatech provedenou Anwarem et al., ve
které nebyl zjistén zadny vliv LEV na BMD u mySich samic po 4 mésicich peroralniho
podavani léku (Anwar et al., 2014). Ve studii Kanda et al, peroralni podavani LEV
potkanim po dobu 12 tydnd neovlivnilo BMD a kostni metabolismus (Kanda et al,
2017). Naméfené hodnoty BMD jsou také srovnatelné s dalSi studii Nissen-Meyer et
al. Jejich vysledky naznacuji, ze LEV by mohl mit na kosti dvoufazovy ucinek. Pfi nizké
davce LEV (koncentrace 122 + 41 pmol/l) byla pozorovana snizena mechanicka
odolnost trabekularni kosti a snizené hladiny sérového osteokalcinu, ale nikoliv pfi

podani vysoké davky LEV (koncentrace 277 + 65 uymol/l) (Nissen-Meyer et al., 2008).
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V nasem experimentu byla sérova hladina LEV 225,35 ymol/l (215, 23 - 235,25 pymol/l)
ve skupiné SHAM+LEV a 197,75 35 pmol/l (188,4- 210,23 umol/l) ve skupiné
ORX+LEV, coz je srovnatelné s vysokou davkou LEV ve studii Nissena-Meyera. Také
nékteré studie u lidi naznacuji, ze expozice LEV nema negativni vliv na BMD. Pacienti
uzivajici novéjSi AED neindukujici enzymy (vCetné LEV) maji vySSi hodnoty T-skore
(hodnotila se oblast kyCle, kréku stehenni kosti a bederni patefe) a mensi
pravdépodobnost vzniku osteoporézy (Artemiadis et al., 2016). Phabphal et al. uvadi,
Ze u v8ech pacientu, ktefi presli z uzivani fenytoinu na LEV, doSlo k vyznamnému
zlepSeni BMD (Phabphal et al., 2013). Jina studie naopak naznacila, Ze pacienti
dlouhodobé 1éCeni LEV maji vysSi riziko poklesu BMD; validita této studie je vSak
omezena, protoze chybi méfeni vychozi hodnoty BMD pred IéEbou LEV (Beniczky et
al., 2012). Zajimavé vysledky pfinesla i prifezova studie Gozukizil et al., ktera
hodnotila u 47 lidi vliv LEV na BMD v oblasti bederni patefe v zavislosti na délce
uzivani tohoto léku. Jejich studie navrhuje, Ze LEV mlze mit negativni vliv na kostni
denzitu v bederni oblasti pfi kratkodobém podavani, po dobu kratSi nez jeden rok. Pfi
dlouhodobé [éCbé nebyl pozorovan zadny negativni vliv na kostni metabolismus.
Vyhodnoceni vysledku po jednoro¢nim a vice nez pétiletém uzivani LEV neprokazaly
zadny statisticky vyznamny rozdil (Gozukizil et al., 2022). NaSe vysledky odpovidaji
dlouhodobému uzivani LEV, protoze jeden mésic Zivota potkana Ize pfirovnat k tfem

lidskym rokim (Sengupta, 2013).

V obou skupinach ORX+LEV a SHAM+LEV bylo pozorovano vyznamné zvySeni
markeru kostni formace i markeru kostni resorpce, coz svéd¢&i o zrychleném kostnim
obratu, ktery nemél vliv na mechanickou odolnost kosti. Ohledné vlivu LEV na markery
kostniho obratu (BTM), jsou udaje nejednotné. Studie Koo et al. prezentuje, ze po
monoterapii LEV po dobu 1 roku nebyly pozorovany zadné rozdily v biochemickych
parametrech (BALP, C-telopeptid, inzulinu podobny rustovy faktor-1, vapnik, fosfor,
parathormon, osteokalcin, 25-hydroxyvitamin D) (Koo et al., 2013). Podobné ve studii
Anwar et al. nebyly zjistény zadné vyznamné zmény BTM u mySich samic (Anwar et
al., 2014). DalSi studie testovala, zda ma substituce LEV mensi nezadouci u€inky na
kosti nez starSi generace AED (valproat, karbamazepin). U pacientl léCenych starsi
generaci AED doSlo ke snizeni sérovych hladin CTX-I a PINP, u pacientl uzivajicich
LEV doSlo ke snizeni sérovych hladin CTX-l, coz svéd¢i o snizené kostni resorpci
(Hakami et al., 2016).
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LEV je povazovan za hmotnostné neutralni AED (Gidal et al., 2003). Je obtizné
vysveétlit vyznamny absolutni a relativni pokles tukové tkane, ktery jsme pozorovali u
skupiny potkani SHAM+LEV. Vysledek je pfekvapivy, literarni adaje uvadéji
vyznamny pokles hladiny estradiolu po podani LEV (Svalheim et al.,2008; Cincioglu-
Palabiyik et al., 2017). Za oCekavany dusledek nedostatku estrogent bychom méli
oCekavat pfiristek hmotnosti v disledku akumulace tukové tkané, ktery je pozorovan
u lidi i hlodavcul (Kim et al., 2014). Nelze vyloucit, Ze nami zjisténé snizeni tukové tkané
mohlo byt zpusobeno snizenym mnozstvim pfijimané stravy u skupiny SHAM+LEV.
Spotfeba krmiva mezi skupinami se vyznamné nelisila, ale nemizeme vyvratit, Ze
zbytky neuplné zkonzumovanych granuli v podestylce nebyly vySSi u skupiny
SHAM+LEV v porovnani se skupinou SHAM.

Dlouhodobé podavani LEV u modelu gonadalné intaktnich potkanu a u potkanl po
orchidektomii nemélo negativni vliv na BMD a mechanickou odolnost kosti. Vyznamné

zvySeni BMD muze naznaCovat dokonce pozitivni vliv na vlastnosti kosti.
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9. Zaver

Cilem disertaCni prace bylo posouzeni vlivu vybranych novych antiepileptik na kostni

metabolismus u mladych potkant kmene Wistar.

1) Posoudit vliv orchidektomie na kostni metabolismus u potkana.

Zjistili jsme negativni vliv provedené orchidektomie potkant na kostni tkan po 12
tydnech. U orchidektomovanych potkanu bylo pozorovano statisticky vyznamné
snizeni BMD v oblasti celého téla, bedernich obratll, pravého a levého femuru.

Provedena orchidektomie méla vliv na mechanickou odolnost kosti.

Mlady potkan po provedené orchidektomii mize byt povazovan za vhodnym zvifeci

model pro studium osteopenie.

2) Posoudit vliv novych antiepileptik (zonisamidu, gabapentinu, pregabalinu a

levetiracetamu) na kostni metabolismus u potkanu.

Zonisamid

Po 12 tydnech podavani ZNS orchidektomovanym potkanim a gonadalné intaktnim
potkanum nebyl potvrzen zadny negativni vliv na BMD, markery kostniho metabolismu

ani mechanickou odolnost kostni tkané.

Dlouhodobé podavani ZNS Ize povazovat za méné rizikové z hlediska zdravi kosti.

Gabapentin

Po 12 tydnech podavani GBP potkanim po provedené orchidektomii byl zjistén
vyznamny vzestup markeru kostniho obratu RANKL. U gonadalné intaktnich potkanu
nebyly potvrzeny zadné vyznamné zmeény kostnich marker(. Nebyl zjistén zadny
statisticky vyznamny vliv GBP na BMD ani mechanickou odolnost kosti u gonadalné

intaktnich potkanu, ani u orchidektomovanych potkana.
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Dlouhodobé podavani GBP Ize povaZovat za méneé rizikové z hlediska zdravi kosti.

Pregabalin

Po 12 tydnech podavani PGB potkanim po provedené orchidektomii byl zjistén
vyznamny vzestup markeru kostniho obratu RANKL. Bylo pozorovano statisticky
vyznamné zvySeni kostniho markeru sklerostinu u gonadalné intaktnich potkanu.
Nebyl potvrzen zadny statisticky vyznamny vliv PGB na BMD ani mechanickou

odolnost kosti u gonadalné intaktnich potkant a u orchidektomovanych potkana.

Dlouhodobé podavani PGB Ize povaZovat za méneé rizikové z hlediska zdravi kosti.

Levetiracetam

Po 12 tydnech podavani LEV potkanim po provedené orchidektomii byl zjistén
vyznamny vzestup kostnich markera-BALP, CTX-l a RANKL. U gonadalné intaktnich
potkanu bylo po 12 tydnech uzivani LEV naméfeno statisticky vyznamné zvySeni
kostnich markerd BALP a CTX-I. Nebyl zjistén vliv LEV na BMD a mechanickou
odolnost kosti u modelu gonadalné intaktnich potkand ani u potkanu po orchidektomii.
Vyznamné zvySeni BMD celého téla v obou skupinach mize naznacovat dokonce

pozitivni vliv na vlastnosti kosti.

Dlouhodobé podavani LEV Ize povazovat za méné rizikové z hlediska zdravi kosti.
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Abstract

Introduction: Our study aimed to investigate the effect of
zonisamide (ZNS) on bone metabolism in the rat model.
Methods: Eight-week-old rats were divided into four groups.
The sham-operated control group (SHAM) and the control
group after orchidectomy (ORX) received the standard
laboratory diet (SLD). The experimental group after
orchidectomy (ORX+ZNS) and the sham-operated control
group (SHAM+ZNS) received SLD enriched with ZNS for 12
weeks. Bone marker concentrations in serum of receptor
activator of nuclear factor kappa B ligand, PINP, and
osteoprotegerin, and the levels of sclerostin and bone al-
kaline phosphatase in bone homogenate, were measured
using an enzyme-linked immunosorbent assay. Bone min-
eral density (BMD) was measured by dual-energy X-ray
absorptiometry. The femurs were used for biomechanical
testing. Results: We found a statistically significant reduction
in BMD and biomechanical strength 12 weeks after
orchidectomy of the rats (ORX). After ZNS administration to

orchidectomized rats (ORX+ZNS) and the sham-operated
control rats (SHAM+ZNS), there were no statistically signif-
icant changes in BMD, bone turnover markers, or biome-
chanical properties as compared with the ORX group and
SHAM group. Conclusions: The results suggest that ad-
ministration of ZNS to rats exerts no negative effect on BMD,
bone metabolism markers, or biomechanical properties.

© 2023 5. Kanger AG, Basel

Introduction

Epilepsy is the second most common chronic neu-
rological disorder characterized by 2 or 3 recurrent sei-
zures of cerebral origin [ 1]. Epilepsy affects between 5 and
10 individuals per 1,000 population in developed coun-
tries, which is probably an underestimate due to the
limited professional and diagnostic resources [2, 3.
Antiepileptic drugs (AEDs) are the cornerstone of epi-
lepsy treatment, and this treatment is frequently lifelong
[4]. However, AEDs are prescribed as first-line treatment
also for a variety of non-epileptic conditions as well, in
particular bipolar spectrum disorders and chronic pain
states [5].
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Treatment using most AEDs negatively influences
bone health, which can increase the risk of fracture [6]. It
is estimated that patients with epilepsy have a 2-3 times
greater risk of bone fractures compared with the general
population [7]. The adverse effects of AEDs on bone
health were first reported nearly five decades ago, and,
since then, a growing body of literature indicates that
patients taking AEDs are at increased risk for low bone
mineral density (BMD) and metabolic bone disease,
including changes in bone turnover, osteoporosis, al-
terations in bone quality, and most importantly, fracture
[7, 8]. Traditional AEDs, including phenobarbital, pri-
midone, phenytoin (PHT), and carbamazepine, induce
the hepatic cytochrome P450 (CYP450) enzyme system.
The most plausible mechanism is that the activation of
these hepatic enzyme inducers increases hepatic catab-
olism of 25-hydroxyvitamin D (25-OHD), which leads to
decreased absorption of calcium and hypersecretion of
parathyroid hormone, with an increase in bone resorp-
tion and reduction of BMD. Another mechanism for
bone-mineralization defects may be directly linked to the
harmful effect on bone density of some AEDs, regardless
of the effects of AEDs on hepatic function and 25-OHD
[6,9]. Some studies suggest that also valproate, a CYP450
inhibitor, is associated with reduced BMD and bone loss
[10]. It is still unclear whether the “newer generation”
AEDs that have been introduced into practice over the
last two decades, including gabapentin, lamotrigine,
topiramate (TPM), tiagabine, oxcarbazepine, levetir-
acetam, and zonisamide (ZNS), adversely affect bone
health [11].

ZNS is a benzisoxazole derivative with a unique
chemical structure and is one of the new generations of
AEDS [12]. The mechanism of the effect of ZNS is un-
clear. ZNS has a broad spectrum of action mechanisms
including inhibition of sodium channels, reduction of
T-type calcium channels, reduction in glutamate-
mediated synaptic excitation, and enhanced inhibitory
effects mediated by gamma-aminobutyric acid [13]. ZNS
also weakly alters acetylcholine, dopamine, and serotonin
metabolism and inhibits carbonic anhydrase activity,
although it is uncertain whether these actions contribute
to its clinical efficacy [12]. ZNS has been approved in
Europe as monotherapy for the treatment of partial
seizures in adults with newly-diagnosed epilepsy, and this
agent is also approved in Europe and the USA as ad-
junctive therapy for focal seizures with or without sec-
ondary generalization [14].

To our knowledge, there have been only few studies,
which reported changes in BMD after administration of
ZNS. The first study reported a decrease in BMD at the

2 Pharmacology
DOL: 10.1159/000529970

tibial metaphysis and diaphysis after administration of
ZNS in growing rats [15], and the second study showed
results after 13 months of ZNS treatment in drug-naive
epileptic patients [6].

The purpose of our study was to investigate the impact
of ZNS on BMD, bone metabolism markers, and bone
biomechanical properties in rats that were fed on a ZNS-
enriched diet for 12 weeks. We also used the orchid-
ectomized rat model (the model for androgen-deficient
osteoporosis), in which a higher sensitivity can be ex-
pected for the detection of a possible risk of xenobiotics
for bone health.

Methods and Evaluation of Bone Quality

Animal Models

All animals received humane care in accordance with the
guidelines set by the Institutional Animal Use and Care Committee
of Chades University, Prague, Faculty of Medicine in Hradec
Kralove, Czech Republic. The protocol of the experiment was
approved by the same committee. The experiment used eight-
week-old male albino Wistar rats (BioTest sr.o., Konarovice,
Czech Republic). The animals were hosted in groups of 4 in plastic
cages. During the experimental period, the animals were main-
tained in controlled conventional conditions (12 h light and 12 h
dark, temperature 22 + 2°C, air humidity 30-70%). Tap water and
standard laboratory diet (SLD, VELAS, as., Lysa nad Labem,
Czech Republic) or SLD enriched with ZNS were given ad libitum.
Drinking water was available ad libitum. The weights of the rats
were monitored once a week.

Experiment Design

The rats were divided into four groups of 8 animals.

1st group: sham-operated control fed with SLD (SHAM).
2nd group: orchidectomized control fed with SLD (ORX).
3rd group: sham-operated rat fed with SLD enriched with ZNS
(19 mg/25 g of the diet; ZNS, Eisai Ltd.) (SHAM+ZNS).

¢ 4th group: orchidectomized rat fed with SLD enriched with ZNS

(19 mg/25 g of the diet; ZNS, Eisai Ltd.) (ORX+ZNS).

At the beginning of the experiment, 16 rats (ORX and
ORX+ZNS) underwent bilateral orchidectomy under ether an-
esthesia. SHAM underwent only scrotal indsion. On the second
day after operation, ORX+ZNS and SHAM+ZNS began to receive
SLD enriched with ZNS, while ORX and SHAM received only
SLD, both diets ad libitum. After 12 weeks, the animals were
sacrificed by blood withdrawal from the abdominal aorta under
ether anesthesia, and the obtained serum was aliquoted and stored
at -80°C for ensuing biochemical analyses. After sacrifice of the
rats, both femurs were dissected free of soft tissue, wrapped in
gauze moistened with saline, and frozen to —80°C till required for
analysis.

Analysis of Bone Homogenates and Serum

Blood serum levels of ZNS were also determined at the end of
the experiment. Concentrations of ZNS in the samples were de-
termined using a modified method of high-performance liquid
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Color version available online

Fig. 1. Evaluation of BMD in three areas of the rat skeleton.
R1 - lumbar columna (L3-L5); R2 - left femur; R3 - right femur.

chromatography-tandem mass spectrometry. Sample preparation
included protein precipitation and the addition of internal stan-
dard deuterated pregabalin-Ds. The analyte was separated on
column Discovery HS F5 (100 mm x 2.1 mm LD., 5 pm particle
size, Supelco, PA, USA) and detected on Agilent 6490 triple
quadrupole LC/MS system, operating in positive mode at tran-
sitton 213 > 132 for ZNS.

Bone homogenate was prepared from the femur. After an-
imal sacrifice, both femurs were carefully excised; after removal
of all the surrounding skin, muscle, and other soft tissue, they
were stored at —80°C until required. The diaphysis part of the
femur (0.1 g) was disrupted and homogenized by TissueLyser I
(Qiagen, Netherlands). The homogenization consisted of the
following steps. Liquid nitrogen was poured into the grinding
jar over the ball and femur sample, and 0.5 mL of phosphate
buffer was added (PBS, PENTA Prague, Czech Republic). The
femur tissue was ground at 30 Hz for 1 min. After this pro-
cedure, a further 1.5 mL of phosphate buffer was added and
ground at 10 Hz for 15 s. The raw tissue homogenate was
centrifuged at 10,000 ¢ at 4°C for 10 min, and the resulting
supernatant was collected and stored at —80°C.

Levels of the markers sclerostin (SOST) and bone alkaline
phosphatase (BALP) were determined in bone homogenate using
the ELISA method. The level of SOST was determined using kits
from the firm Cloud-Clone Corp., 23603 W. Fernhurst Dr., Unit
2201, Katy, TX 77494, USA (SOST, pg/mL), and the level of BALP
was determined using a kit from the firm BlueGene Biotech,
Shanghai, China (BALP, ng/mL). Bone turnover markers (BTMs)
were analyzed from serum using the ELISA method: amino-
terminal propeptide of procollagen type I (PINP), receptor acti-
vator of nuclear factor kappa B ligand (RANKL), and osteopro-
tegerin (OPG). We used kits from the firm Cloud-Clone Corp.,

Administration of Zonisamide to Rats Has
No Negative Effect on Bone

23603 W. Fernhurst Dr., Unit 2201, Katy, TX 77494, USA (PINP,
ng/mL; RANKL, pg/mL; OPG, pg/mL).

Dual Energy X-Ray Absorptiometry Analysis

The rat BMD (g/cm?) was measured by means of dual energy
X-ray absorptiometry (DEXA) on a Hologic Delphi A device
(Hologic, MA, USA) at the Osteocentre of the Faculty Hospital
Hradec Kralove, Czech Republic. Before measurements, a tissue
calibration scan was performed with the Hologic phantom for
the small animal. BMD of the whole body, in the lumbar
vertebrae, and in both femurs (Fig. 1), and the total lean and fat
masses were evaluated by computer using the appropriate
software program for small animals (DEXA; QDR-4500A Elite;
Hologic, Waltham, MA, USA). All animals were scanned by the
same operator.

Biomechanical Testing Procedure

Mechanical testing of the rat femoral shaft and femoral neck
was done with a spedal electromechanical custom-made testing
machine (Martin Kosek and Pavel Trnecka, Hradec Kralove,
Czech Republic) according to our methods described in a previous
report [16]. For the three-point bending test, the femur or tibia was
placed on a holding device with the two support points 18 mm
apart. A small stabilizing preload of 10 N was used to fix the bone
between the contacts. A constant deformation rate of 6 mm/min
was generated until maximal load failure, and the breaking
strength (maximum load, N) was recorded. When the bone was
broken, the thickness of the cortical part of the bone was measured
by means of a sliding micrometer (OXFORD 0-25 mm 30DEG
POINTED MICROMETER, Victoria Works, Leicester, Great
Britain). The proximal part of the femur was used for the com-
pression test of the femoral neck. The diaphysis of the bone was
embedded into a container using a methacrylate resin, and a
vertical load was applied to the top of the femoral head. A small
stabilizing preload to 10 N was applied and increased at a constant
speed of 6 mm/min until failure of the femoral neck. The breaking
strength (maximum load, N) was recorded by the measuring unit
(Digitalanzeiger 9180, Burster prazisionsmesstechnik gmbh and co
kg, Gernsbach, Germany). All bones were analyzed by the same
operator.

Statistical Analysis

Statistical analysis was performed using the program NCSS
2007 (Number Cruncher Statistical System, Kaysville, UT, USA).
The results of all measurements made after 12 weeks of the
experiment are presented as the mean and standard deviation.
Comparison of the parameters under study employed an analysis
of variance with post hoc multiple comparison by Fisher’s LSD
test and Kruskal-Wallis non-parametrical analysis of variance
with post hoc multiple comparison by Dunn’s test (with Bon-
ferroni’s modifications). Differences were considered significant
at p < 0.05.

Results
Body Weight and Composition and Tissue Weights

The weights of the ORX group, the ORX+ZNS group,
and the SHAM+ZNS group were decreased, but
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Table 1. Weight, fat mass, and serum ZNS concentration at the end of the experiment

Parameter SHAM ORX ORX+ZNS SHAM+ZNS
Final body weight, g 475+53.56 436+40.20 440+36.32 453+40.85
Fat, g 56.54+14.61 63.28+10.87 56.08+11.47 45.83+9.50
Fat, % 14.76+3.36 17.36+2.82 15.3643.63 12.514£2.56
Lean body mass, g 325.81+38.93 301.63+23.62 31259+34.18 321.94+33.52
Serum drug concentration, mg/L - - 24004317 25.13+1.82

Data are expressed as mean/standard deviation.

statistically insignificantly versus the SHAM group. After
12 weeks of ZNS administration, there was no significant
increase in weight of the ORX+ZNS group in comparison
with the ORX group. There was no significant decrease in
weight of the SHAM+ZNS group versus the SHAM
group. DXA revealed that the ORX+ZNS group showed
insignificantly increased lean body mass (g) and de-
creased fat mass (%) versus the ORX group. In the
SHAM+ZNS group, there was no significant decrease in
lean body mass (g) or in fat mass (%) versus the SHAM
group. The concentration of ZNS corresponded to the
human therapeutic level of the drug (10-40 mg/L)
(Table 1).

Level of Bone Markers

Levels of bone markers from specimens of the femur
and in serum were measured to assess the effects of
orchidectomy and treatment with ZNS on bone turnover.
There were no statistically significant changes in levels of
bone markers between the ORX group versus the SHAM
group, the ORX group versus the ORX+ZNS group, or the
SHAM+ZNS group versus the SHAM group. ZNS ad-
ministration for 12 weeks caused no statistically signifi-
cant changes in SOST, BALP, RANKL, PINP, or OPG
(Table 2).

Dual Energy X-Ray Absorptiometry

BMD was determined by dual-energy X-ray absorp-
tiometry after 12 weeks of ZNS administration. In the
ORX group, a statistically significant decrease in the BMD
of the whole body was demonstrated and also in the area
of both femurs and the lumbar vertebrae versus the
SHAM group. In the ORX+ZNS group, no statistically
significant difference was observed in the BMD in the
areas of the whole body, lumbar vertebrae, or either femur
versus the ORX group. In the SHAM+ZNS group, no
statistically significant difference was observed in BMD in
the areas of the whole body, lumbar vertebrae, or either
femur versus the SHAM group (Table 3; Fig. 2).

4 Pharmacology
DOIL: 10.1159/000529970

Biomechanical Properties

After orchidectomy of the rats, we found a significant
reduction in biomechanical strength in the ORX group
versus the SHAM group. After ZNS administration for 12
weeks, there was no statistically significant difference in
biomechanical parameters between the ORX+ZNS group
versus the ORX group, nor between the SHAM+ZNS
group and the SHAM group (Table 4; Fig. 3).

Discussion

Decreased BMD, the most significant predictor of
fracture risk, has been observed in patients using “older
generation” AEDs, particularly inducers of cyto-
chrome p450 (CYP450) enzymes such as carbamaze-
pine, PHT, phenobarbital, and primidone [11].
Patients treated with the newer non-enzyme-inducing
AEDs are less likely to have a diagnosis of osteoporosis
[17]. Most of the studies on AEDs have been cross-
sectional. There are only a few longitudinal studies
with newer AEDs and their effect on bone. Data for
ZNS are scarce. Monitoring of bone quality is prob-
lematic in humans since the results of studies may be
affected by physical activity, diet, seizure frequency,
differences in baseline BMD amongst subjects, and
past intake of other AEDs. By contrast, the animal
model provides a system which isisolated from disease,
lifestyle, drugs, and other confounding factors.

In this longitudinal study, orchidectomy of rats led
to significant reduction in BMD and biomechanical
strength. These results confirm the findings from
previous studies in rats that deficiency of androgens
negatively affects body composition and establishes
these animals as suitable models for investigating an-
drogenic modulation of body composition [18]. These
changes were not demonstrated in the ORX+ZNS
group compared with the ORX group or in the
SHAM+ZNS group versus the SHAM group. Evidence
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Table 2. Levels of bone markers

Parameter SHAM ORX ORX+ZNS SHAM+ZNS
SOST, pg/mL 34865+13668 685+351.82 64920418458 51744434767
BALP, ng/mL 2.7240.78 297+1.43 3.20+039 2.75+0.35
RANKL, pg/mL 23097+165.52 169.76+£115.69 32523+206.76 38764+16848
PINP, ng/mL 65.92+25.99 93.65+40.99 91.48+43.79 50.93+27.42
OPG, pg/mL 566.29+21050 49560+140.92 403.03+86.77 441.06+46.81
Data are expressed as mean/standard deviation.
Table 3. Comparison of values from
DXA analysis Parameter SHAM ORX ORX+ZNS SHAM+ZNS
Whole body
BMD, g/cm? 0.169+0.012 0.153+0.007* 0.153+0.006 0.169+0.012
Diaphysis right femur
BMD, g/cm? 0.174+0.013 0.155+0.007* 0.158+0.008 017110013
Diaphysis left femur
BMD, g)’cm2 0.176+0.015 0.161+0.007* 0.161+0.010 0.176+0.011
Lumbar column (L3-L5)
BMD, g/cm? 0.205+0.017 0.176+0.012% 0.177+0.007 0201+0012
Data are expressed as mean/standard deviation. *p < 0.05 against SHAM.
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Table 4. Biomechanical and geometric parameters of rat right and left femurs

Parameter SHAM ORX ORX+ZNS SHAM+ZNS
LF length, mm 36.82+1.48 35.72+0.76 35.91+1.49 3643+£0.71
RF length, mm 36.55+0.61 35.40£0.71% 35.41+1.44 36.10+£0.75
LF diameter, mm 3.60+0.14 3.25+0.14% 3.20+0.18 3.48+0.21

RF diameter, mm 3.51+£0.13 3.19+0.18 3.22+0.22 3.35+0.24
Cortical LF thickness, mm 0.68+0.05 0.64+0.06 0.59+0.04 0.68+0.04
Cortical RF thickness, mm 0.67+0.06 0.63+0.04 0.59+0.04 0.625+0.03
Maximal load of the left femoral shaft, N 202.38+24.96 161.38+13.52% 170.75£19.22 190.75+22.71
Maximal load of the right femoral shaft, N 219.75+21.23 186.75+18.23* 186.00+15.35 208.5+19.81
Maximal load of the left femoral neck, N 149.86+28.26 147.29+19.58 1322542345 134.13+£24.17
Maximal load of the right femoral neck, N 146.88+35.49 149.88+22.73 152.38+422.12 151.63+24.12

Data are expressed as mean/standard deviation. *p < 0.05 against SHAM.

relating to the effect of ZNS on BMD and bone
metabolism is limited.

So far, there are only few and conflicting data reported in
the literature on this topic [6, 15]. In a previous study,
subcutaneous administration of ZNS at a dose of 80 mg/kg
per day for 5 weeks significantly decreased BMD at the tibial
metaphysis and the diaphysis in the rat model. The results
suggest that ZNS may cause bone loss in the animal model
[15]. Contrary to the previous results, in our study there was
no negative effect of ZNS on BMD. At the end of the present
experiment, the level of ZNS in the ORX+ZNS group was
2400 mg/L and in the SHAM+ZNS group was 25.13 mg/L,
which is equivalent to therapeutic levels of the drug
(10-40 mg/L). There is limited validity in comparing results
between the two studies because we don’t know the serum
concentration of ZNS in the different studies. In the liter-
ature, AEDs have been described as having a biphasic effect
on bone in a dose-dependent manner. Reduced biome-
chanical strength of trabecular bone and reduced levels of
serum osteocalcin, a marker of bone formation, were ob-
served after low dose levetiracetam (concentration 122 +
41 pmol/L), but not by high dose levetiracetam (concen-
tration 277 + 65 umol/L) [19]. Also known is a dose-
dependent effect of PHT. While therapeutic doses of
PHT are associated with accelerated loss of BMD, low doses
of this drug have an osteogenic effect [20]. Therefore, it
cannot be excluded that also ZNS can affect the bone in a
dose-dependent manner. In the present study, these results
are consistent with the human study by Koo et al. [6]. They
investigated the effects of ZNS on BMD and biomarkers of
bone metabolism after 13 months of treatment in drug-
naive epileptic patients. ZNS monotherapy has no definite
harmful effects on bone health [6]. We also examined the
impact of ZNS on bone mechanical characteristics. After
orchidectomy of the rats, we found a significant reduction in

6 Pharmacology
DOL: 10.1159/000529970

biomechanical strength in the ORX group (the model for
androgen-deficient osteoporosis) versus the SHAM group.
We observed that after 12 weeks of ZNS administration,
there was no statistically significant difference in biome-
chanical and geometric parameters between the ORX+ZNS
group and the ORX group, or between the SHAM+ZNS
group and the SHAM group. The results of this study
suggest that ZNS does not negatively influence bone
strength. The study by Koo et al. [6] also presents that ZNS
monotherapy does not negatively influence bone meta-
bolism or bone strength.

The mechanism of the effect of ZNS on bones is still
unclear. ZNS is weakly carbonic anhydrase inhibitor,
resulting in renal acidosis there may be secondary ab-
normalities on bone [21]. Acidosis affects osteoclast
formation by enhancing cell adhesion and migration and
stimulates osteoclast function [22]. TPM as well as ZNS is
a carbonic anhydrase inhibitor [21]. In our previous
study, in the setting of gonadal insufficiency, we dem-
onstrated that TPM monotherapy over 12 weeks had a
negative effect on whole body and femur BMD and bone
mineral content, and reduced the mechanical strength of
bone [23]. There are also other findings, which support
the risk of TPM for bone tissue, namely, abnormal BMD
after therapy [24, 25]. One possible explanation for these
effects is the fact that this molecule inhibits carbonic
anhydrase, which can promote metabolic acidosis and,
consequently, lead to a decrease in mineral content of
bones. However, one cannot exclude other mechanisms
of action or a potential direct effect of the drug in bone
cells, though there are no reports about this issue [26].

In a previous study by Takahashi et al. [15], chronic
treatment with ZNS significantly increased the serum level
of pyridinoline, a marker of bone resorption, while the
serum level of osteocalcin, a marker of bone formation, was
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Fig. 3. Biomechanical and
geometric parameters of rat
right and left femurs. Data
are expressed as box plots:
median (25th, 75th percen-
tiles) and mean.
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not affected. The findings suggest that ZNS may cause bone
loss in rats’ model by accelerating bone resorption rather
than inhibiting bone formation. However, in another
human study, bone formation markers (bone-specific ALP
and osteocalcin) and bone resorption marker (C-telo-
peptide) were not significantly changed after 13 months of
ZNS treatment [6]. We determined several bone formation
and bone resorption markers in this study. The OPG, as a
soluble receptor, binds to the RANKL. RANKL is produced
by osteoblastic lineage cells and promotes osteoclast acti-
vation, leading to enhanced bone resorption and bone loss
[27]. OPG is secreted by osteoblastic cells and prevents the
interaction of RANKL with its receptor RANK and sub-
sequent stimulation of osteoclast development [27]. BALP
is localized in the membranes of osteoblasts, from which it
is realized into the serum during their activation [28]. The
concentration of BALP reflects the cellular activity of os-
teoblasts. SOST is produced by osteocytes and inhibits
osteoblast differentiation and bone formation via the Wnt
signaling pathway [29]. Wnt signaling is crucial to both
bone development and the regulation of bone mass. Wnt
signaling in bone leads to osteoblast differentiation, pro-
liferation, function, and survival, and hence to increased
bone mass [30]. PINP is synthesized by osteoblasts in the
form of pre-procollagen. The serum concentration of PINP
reflects changes in the synthesis of new collagen, both by
osteoblasts in bone and by fibroblasts in other connective
tissues [31].

Our data suggest that chronic treatment of gonadally
intact rats and the orchidectomized rats with ZNS for
12 weeks have negative statistically significant effect on
bone formation markers and bone resorption markers.
BTMs may be useful in clinical trials and frequently
provide valuable information on the efficacy of oste-
oporosis treatments. BTMs do not control skeletal
metabolism and are not disease specific; they reflect the
entire skeleton regardless of the underlying cause. The
use of BTMs to select risk of fractures is not routinely
recommended, partly due to their large degree of bi-
ological variability. Currently, as the gold standard for
estimation of BMD, the WHO recommends the DEXA
scan [32].

In conclusion, the experimental results from this
study suggest that the long-term administration of
ZNS in either orchidectomized rats or gonadally intact
rats exerts no negative effect on BMD, bone meta-
bolism markers, or biomechanical properties. There
are several limitations that should be considered in
evaluating the present study. First, the sample size was
small; although statistical significance is evident, the
capacity to identify a small effect is limited. Second,

8 Pharmacology
DOL: 10.1159/000529970

behavioral activity was neither controlled nor assessed.
Further studies in animals and humans will be needed
to confirm these findings.
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Background: There are limited data on the effects of GBP onbone and no data for PGB. Some data suggest
that there is a significant influence of sex hormone balance on the susceptibility of bone to antiepileptic
drug-induced bone loss.
Methods: Forty-eight male Wistar rats were divided into six groups that were subjected to two surgeries,
sham (noORX) or real orchidectomy (ORX), and were fed three diets, a SLD, a SLD enriched with GBP or a
SLD enriched with PGB. Dual energy X-ray absorptiometry was used to measure the bone mineral density.
The concentrations of bone turnover markers were assayed. The femurs were biomechanically tested.
Results: Significant reductions in bone mineral density, weight and biomechanical strength were
observed in ORX animals. GBP or PGB exposure did not cause significant alterations in bone mineral
density or biomechanical strength. No changes in bone turnover markers were observed, except for
RANKL. A significant increase was found in the ORX GBP and ORX PGB groups. Within the
orchidectomized animal group, RANKL levels were significantly higher in the ORX PGB group than in
the ORX GBP group.
Conclusions: Because neither GBP nor PGB affected bone mineral density or mechanical bone strength,
both of these antiepileptic drugs could be considered drugs with lower risks to bone health. A shift in
RANKL levels indicates that the effects of GBP and PGB on osteoclast activity may be dependent on the
hormonal status of animals.
© 2019 Maj Institute of Pharmacology, Polish Academy of Sciences. Published by Elsevier B.V. All rights
reserved.

Introduction

antiepileptic drugs (AEDs) in the pathogenesis of osteopenia has
been highlighted in some studies, mostly of which have showed

There is a high prevalence of abnormally low bone mineral
density (BMD), exceeding 50%, among patients with epilepsy.
[1,2] Osteopenia and osteoporosis are found in 37-75% and 12-
25% of these patients, respectively [1-4]. The important role of

Abbreviations: AEDs, antiepileptic drugs; BALF, bone alkaline phosphatase;
BMD, bone mineral density; BTM, bone turnover markers; DEXA, dual energy X-ray
absorptiometry; EIAEDs, enzyme-inducing AEDs; GBPF, gabapentin; LEV, levetir-
acetam; LTG, lamotrgine; noORX, gonadally intact; OPG, osteoprotegerin; ORX,
orchidectomized; PGB, pregabalin; PINF, amino-terminal propeptide of procollagen
type I; PHT, phenytoin; RANKL, receptor activator of nuclear factor-kappa B ligand;
5LD, standard laboratory diet; SCL, sclerostin; TPM, topiramate; VPA, valproate.

* Corresponding author.
E-mail address: simko.julius@gmail.com (J. Simko ).

http: ({dx.doi.org/10.1016(j.pharep.2015.08.004

the negative effects of enzyme-inducing AEDs (EIAEDs) on bone
health. [5,6,7] However, the adverse effects of AEDs have been
questioned because of other studies with conflicting results, in
which bone loss was attributed more to lifestyle or perceived as
a marker of poorer health rather than being seen as a
consequence of epilepsy treatment [8]. The inconsistencies in
the results of the available studies may be caused by
methodological issues, as most of the studies had a cross-
sectional design and did not consider factors that have an equal
oreven greater impact on BMD than AED therapy (e.g., physical
activity, sunlight exposure, vitamin D levels, calcium and
vitamin D food intake) [4,9-11]. Limited prospective data are
available, and because of this, the effect of new AEDs on bone is
still unknown.

1734-1140/@ 2019 Maj Institute of Pharmacology, Polish Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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Gabapentinoids (e.g., pregabalin (PGB) and gabapentin (GBP))
are increasingly used because of their indications for epilepsy
treatment, neuropathic pain and some psychiatric disorders. [12]
The risk of GBP on bone health was reflected in a large prospective
study showing the association between GBP and bone loss [8].
Additionally, an increased risk of nontraumatic bone fractures was
found in a large population-based pharmacoepidemiological study
of older adults. [13] Furthermore, GBP-induced rarefaction of
cancellous bone was reported in an animal study. [14] In contrast
to these findings, another retrospective cohort study did not find a
reduction in BMD in those exposed to GBP. [15] For PGB, there is a
lack of data on its effect on bone health.

In an orchidectomized rat model, we showed that some new
AEDs may significantly reduce BMD and impair mechanical bone
strength. [16-18] However, this negative effect was not observed in
gonadally intact animals. [19,20]

In the current study, gonadally intact animals and orchid-
ectomized animals were exposed to GBP or PGB to determine
whether the impact of GBP and PGB on bone may be dependent on
hormonal status in animals.

Materials and methods
Animals

The experiment used 24 eight-week-old male albino Wistarrats
(Biotest s.r.o., Konarovice, Czech Republic). The animals were
housed in groups of 4 in plastic cages. During the experimental
period, the animals were maintained in conventional controlled
conditions (12 h light and 12 h dark, temperature 22 + 2°C, air
humidity 30-70%). Tap water and a standard laboratory diet (SLD;
VELAS, a.s., Lysa nad Labem, Czech Republic) or a SLD enriched with
GBP (224 mg/100 g) or PGB (48 mg 100 g) were given ad libitum.
Drinking water was available ad libitum. The weights of the rats
were monitored once a week. All animals received humane care in
accordance with the guidelines set by the Institutional Animal Use
and Care Committee of Charles University, Faculty of Medicine,
Hradec Kralove, Czech Republic. The protocol of the experiment
was approved by the same committee.

Experimental design

The rats were randomly divided into six groups. There were two
control groups: the 1 st group was a sham-operated control group
(control noORX), and the 2nd control group received an orchidec-
tomy (control ORX); both received the standard laboratory diet
(SLD). There were four experimental groups: the 3rd group
received an orchidectomy (ORX GBP), and the 4th comprised
gonadally intact animals (noORX GBP); both received a SLD
enriched with GBP. The 5th group received an orchidectomy (ORX
PGB), and the 6th comprised gonadally intact animals (noORX
PGB); both received a SLD enriched with PGB. After 12 weeks, the
animals were sacrificed by blood withdrawal from the abdominal
aorta under ether anesthesia, and the obtained serum was
aliquoted and stored at —80°C for biochemical analyses. After
sacrificing the rats, both the tibiae and femurs were dissected free
of soft tissue, wrapped in gauze moistened with saline and frozen
at —80°C until required for analysis.

Analysis of serum and bone homogenates

The blood serum levels of osteoprotegerin (OPG) and receptor
activator of nuclear factor-kappa B ligand (RANKL) were deter-
mined as described previously. [19] The amino-terminal propep-
tide of procollagen type I (PINP), sclerostin (SCL), and bone alkaline

phosphatase (BALP) markers were analyzed in bone homogenates
according to a method described previously. [19]

The blood serum levels of GBP and PGB were determined in the
middle and at the end of the experiment. The concentrations of
GBP and PGB in the samples were determined using a modified
high-performance liquid chromatography-tandem mass spec-
trometry method. [21] The sample preparation utilized protein
precipitation and the addition of the internal standard deuterated
pregabalin-d6. The analytes were separated on a Discovery HS F5
column (100mm x 2,1 mm LD, 5 pm particle size, Supelco, PA,
USA) and detected with an Agilent 6490 triple quadrupole LC/MS
system operating in positive mode at a transition of 172.2 > 154.1
for GBP and 160.2 =55.1 for PGB.

Dual energy X-ray absorptiometry analysis

The BMD of the whole body, the lumbar vertebrae, and both
femurs (BMD, g/cm2) were measured using dual energy X-ray
absorptiometry (DEXA) on a Hologic Delphi A device (Hologic, MA,
USA) at the Osteocenter of the University Hospital, Hradec Kralove,
Czech Republic, as previously described. [19]

Biomechanical testing procedure

Mechanical testing of the rat femoral shaft and femoral neck
was performed with a specially custom-made electromechanical
testing machine (Martin Kosek & Pavel Trnecka, Hradec Kralove,
Czech Republic) according to our previously described method.
[19,22]

Statistical analysis

The data were statistically processed with R software version
34 (R Development Core Team, R Foundation for Statistical
Computing, Vienna, Austria; available online at http://www.R-
projectorg() [23] using the “nortest” package. Based on the
Anderson-Darling test for normality and Bartlett's test of variances,
ANOVA or the Kruskal-Wallis rank sum test were used for the
comparisons of the six groups (Control noORX, Control ORX, GBP
noORX, GBP ORX, PGB noORX and PGB ORX). In cases of significant
differences, we performed multiple Student’s t-tests or Wilcoxon
rank sum tests, as was appropriate. The resulting p-values were
adjusted using the Holm-Bonferroni test for multiple comparisons.
[24] The results were considered to be statistically significant
when the probability level (p) was below an alpha level of 0.05.

Results

Significant reductions in the final weight, BMD and biomechan-
ical strength were observed in orchidectomized rats in our study.
However, GBP or PGB exposure (for the serum concentrations, see
Table 1) did not produce any significant alterations in BMD or
biomechanical strength in either gonadally intact or orchid-
ectomized animals (Tables 2 and 3).

No changes in bone turnover markers were observed except for
RANKL and sclerostin. A highly significant increase in RANKL was
shown in GBP- (p =0.0004) and PGB-exposed (p =0.0001) orchid-
ectomized rats (Table 4, Fig. 1) in comparison with that in the
Control ORX group. In gonadally intact animals, no increase in
RANKL was found in the GBP-exposed group. In the PGB-exposed
group, the increase in this marker showed borderline significance
(p=0.07) (Table 4). Within the group of gonadally intact animals,
the RANKL levels were significantly higher in the PGB-exposed
group compared to that in GBP-exposed animals (Table 4 and
Fig. 1). Sclerostin (SCL) was significantly increased only in the PGB
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Serum gabapentin and pregabalin concentrations after 90 days of drug administration,

1215

Parameter GBFP ORX GEBP no0ORX PGE ORX PGB noORX Control ORX Control noORX
n=38 n=8 n=8 n=8

Serum dmg concentration (mg /L) 7.8 89 4.8 39 Mot available Mot available
(7.0-84) (B5-0.6) (45-5.0) (3.6-43)

Data are expressed as the median (25th-75th percentile ). The current reference range of GBP and PGB for human therapeutic use is 2-20mg/l and 2-8 mg/l, respectively, Then
the plasmatic concentrations of both drugs in our experiment correspond to the human therapeutic levels. [25]

Table 2
Effect of gabapentin and pregabalin on bone densitometric parameters in comparison with those in the control groups,
Parameter GEP ORX GEF no0ORX PGB ORX PGB noORX Control ORX Control noDRX
n=8 n=8§ n=7 n=8 n=16 n=15

(for weight, n=8)

(for weight, n=16)

‘Whole body final weight (g)

4465 (427.5; 475)

4B45 (468.8; 5285)

475 (416.2; 441.3)"

4B6.5 (478.5; 516)

4675 (430.5; 492)

512.5(475.5; 524.3)

Whole body 0157 0171 0159 0178 0153 0.167
BMD (0.155; 0.159)° (017; 0.174) (0.153; 0.161)** (0.171; 0.180) (0.151; 0.159)° (0:160; 0.173)
(gfcm2)

Diaphysis right femur 0159 0175 0153 0177 0163 018
BMD (gfcm2) (0.153; 0.167)" (017; 0.18) (0.151; 0161) (0.169; 0.182) (0.152; 0.170)" (0:171; 0.187)

Diaphysis left femur 0165 0178 0157 0178 0.164 0.184
BMD (gfcm2) (0.158; 0.174) (0.165; 0.184) (0.154; 0.161)** (0.173; 0.180) (0.152; 0.168)* (0.169; 0.186)

Lumbar column (13-L5) 0174 0203 0181 0214 0186 0.207
(gfcm2) (0.172; 0.184)*" (0197; 0209) (0.177; 0.186)"* (0.207; 0220) (0.174; 0.192)* (0:194; 0.221)

Data are expressed as the median (25th-75th percentile). BMD - bone mineral density. The indicated statistical significances (*p < 0.05, ** p< 0,01 result from a Wilcoxon
rank sum test or a t-test with a pooled standard deviation between two groups differing in terms of orchidectomy (real or sham) but with the same diet. All tests were
controlled for multiple comparisons,

Table 3
Effects of gabapentin and pregabalin on bone biomechanical parameters {maximal load; see Methods).

Parameter GBP ORX GBP noORX PGB ORX PGB noORX Control ORX Control noORX

n=8 n=§ n=8 n=8 n=16 n=16
Maximal load of the LF shaft (N) 181 n 172 212 168 192

(176: 184) (191; 227) (158; 184)* (198; 217) (155; 185) (182; 213)
Maximal load of the RF shaft (N) 197 239 198 218 191 219

(191; 206) (220; 245) (181; 204) (204; 240) (180; 212)* (207; 233)
Maximal load of the LF neck (N) 138 162 145 155 143 146

(119; 143) (153; 173) (124; 159) (131;158) (121; 153) (107; 160)
Maximal load of the RF neck (N) 147 163 158 159 139 139

(128; 158) (153; 172) (141; 181) (145; 182) (130; 159) (129; 158)

Data are expressed as the median ( 25th-75th percentile). LF — leftfemur; RF — right femur. The indicated statistical significance ( *p < 0.05) results from a Wilcoxon rank sum
test or a t-test with a pooled standard deviation between two groups that differ in terms of orchidectomy ( real or sham) but with the same diet. All tests were controlled for
multiple comparisons.

Table 4
Levels of bone markers.

Parameter GEP ORX GEP noDRX PGE ORX PGB noORX ORX Control noORX Control

n=8 n=8 n=8 n=§ n=16 n=16
BALP (ng/ml) 2787 2732 3114 2752 2886 2.639

(2.537; 3236) (2.039; 2.857) (2.654; 3.176) (2.621; 3.048) (1634; 4187) (2143; 2992)
PINP (pg/ml) 83642 80132 126.464 87.503 89.96 71708

(36432; 150.333) (54.333; 108.388) (81.536; 166.128) (55.211; 96.453) (58721; 121901) (43.276; B4344)
Sclerostin ( pg/ml) 554.5 327106 BB2344 T07.478 483066 40468

(459.028; 662.663)  (207.923; 449.312)  (463.283; 1343.332) (520.254; 1037.059)+  (322.668; 626232)  (289.429; 519,098)
RANKL (pg/ml) 576175 3093 598175 546.775 337816 395358

(466; 705.925)+++ (255.45; 379.062)°  (551663; T09.563)+++  (473.312;652.05) (174.65; 397.533) (301.137; 438.644)
OPG (ng/ml) 4845 61.075 415.825 4818 46025 450,825

(418.5; 517.475) (567.975; 674.35) (391.6; 428.612) (428.6; 544.4) (411.113; 523.55) (439.387; 693.187)

Data are expressed as the median (25th-75th percentile). BALP — bone alkaline phosphatase; PINP — amino-terminal propeptide of procollagen type L; RANKL — receptor
activator of NF-kB ligand; OPG — osteoprotegerin; The indicated statistical significance (*p < 0.05) results from a Wilcoxon rank sum test or a t-test with a pooled standard
deviation between two groups that differ in terms of orchidectomy (real or sham) but with the same diet (*p = 0,05 ), in terms of diet {AED ORX vs. Control ORX: + p < 0,001, ++
+p < 0.001) or in terms of the AED used (GBP noORX vs. PGP noQRX: “p < 0.05). All tests were controlled for multiple comparisons.
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Fig.1. Distribution of RANKL among subgroups of animals. Fordetails and significant differences, see Table 4, Inthe plot, the lower and upper hinges (first and third quartiles)
surround the median of the subgroup RANKL distribution. The whiskers extend to the largest or smallest values and are no larger than 1.5 times the distance between the first
and third quartiles. The dots representing individual values were jittered to avoid overlapping.

group in gonadally intact animals when compared to that in the
Control noORX group (p=0.02) (Table 4).

Discussion

Significant reductions in body weight, BMD and biomechanical
strength were observed in orchidectomized rats in our study.
However, neither GBP nor PGB exposure resulted in significant
alterations in BMD or biomechanical strength in either gonadally
intact or orchidectomized animals. No changes in bone tumover
markers were observed except for RANKL, a marker reflecting
osteoclast activity. Highly significant increases in this marker were
found in GBP- and PGB-exposed orchidectomized rats. In gonadally
intact animals, an increase in RANKL showed borderline signifi-
cance in the PGB-exposed group, and no significant change was
observed in the GBP-exposed group. Within the group of orchid-
ectomized animals, the RANKL levels were significantly higher in
the PGB-exposed group than in GBP-exposed animals. No evidence
for the effects of PGB on bone metabolism was found, and thus
there are no data that can support broader discussion. In the case of
GBP, our findings agree with the study by Kanda et al. [14] showing
no significant alterations in BMD, mechanical bone strength or
bone markers in animals exposed to lower doses of GBP (30 mg/
kg). Unfortunately, the serum levels of GBP were not changed in
this study. In our study, the serum levels of GBP were relatively low.
The median and interquartile ranges of the GBP serum levels in
gonadally intact and orchidectomized rats were 8.9 (8.5-9.6) ml/L
and 7.8 (7.0-8.4) ml/L, respectively. Based on the pharmacokinetic
data obtained after the oral administration of GBP, [26] we can
presume that the GBP levels observed in our study were not higher
than those reached after the administration of GBP orally at a
dosage of 30 mg/kg and that exposure was comparable in both
studies. The effect of GBP on bone is probably dose-dependent.
Exposure to higher doses of GBP (150 mg/kg) led to significant
reductions in osteocalcin (a marker of bone formation) and
increases in tartrate-resistant acid phosphatase 5b (a marker of
bone resorption). BMD and mechanical bone strength were not
affected in this study, but histomorphometric analyses showed
negative changes, including decreases in bone wvolume, osteoid

volume, and mineralizing surface area and increases in trabecular
separation and osteoclast surface area and number. [14]

Based on the evidence from the literature, the dose-dependent
effects of AEDs on bone metabolism should not be exceptional.
While therapeutic doses of phenytoin (PHT) were associated with
the accelerated reduction of BMD, [2728] low PHT doses were
inversely related to osteogenic effects [29].

Our results that show a shift in RANKL levels indicate that the
risk of the negative effects of GBP or PGB on bone may be
dependent on the hormonal status of animals. Sex hormone
deficiency has deleterious effects on bone tissue. Although the
underlying mechanisms of the negative effect of GBP and PGB on
bone are unclear, it is probable that bone sensitivity to this kind of
negative effect would be more pronounced in sex hormone-
deficient subjects, and this would be similar to the effects of other
medications with a well-known negative impact on bone health.
[30] The orchidectomized model has already been used to study
BMD, mechanical strength, and bone turnover markers after
exposure to topiramate (TPM), lamotrigine (LTG), levetiracetam
(LEV), and lacosamide. [16,18] It seems that LTG and TPM exposure
in sex hormone-deficient animals may increase risk, since not only
decreased BMD but also reduced mechanical bone strength were
associated with LTG and TPM exposure in these animals [18]. This
negative effect was not observed in gonadally intact animals.
[19,20] Similarly, one recent study demonstrated that after
exposure to valproate (VPA), carbamazepine and LEV, there was
more pronounced bone loss in ovariectomized rats compared to
normal rats. [31] To date, there are no data on the effects of
gabapentinoids on sclerostin levels. In our study, we observed a
borderline significant increase in sclerostin in the PGB group in
gonadally intact animals. Sclerostin is an important paracrine
regulator of bone mass and may have catabolic effects through
inhibiting osteoblast function while stimulating osteoclast func-
tion. [32] However, in our study, the change in sclerostin level was
not associated with significant changes in BMD or mechanical bone
strength. For GBP and PGB, unfortunately, there are no data in the
literature on their effects on the bone markers measured in this
study. We can only speculate that the changes in both biochemical
markers mentioned above precede later changes in BMD and
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biomechanical bone strength. Generally, exposure to EIAEDs leads
to acceleration of bone turnover. Data for VPA and new AEDs are
conflicting, scarce, or missing. [33] DEXA is considered the most
reliable diagnostic tool for primary osteoporosis. [34] However,
estimating the risk of fracture in patients with epilepsy based
solely on BMD is inaccurate. A meta-analysis assessing the effects
of epilepsy on fracture risk showed that the deficit in BMD in
patients with epilepsy was too small to explain the observed
increase in fracture risk. [35] The remainder of the increase in
fracture risk may be linked to other factors, such as seizures or
impaired bone quality [14,27,35]. Because of the inconsistency in
the effects of ADE on bone turnover markers and the poor or
nonexistent correlation between BMD and the mechanical
strength of bone, histomorphometric bone analysis is one of the
relevant diagnostic tools for the proper and comprehensive
estimation of the risk of antiepileptics to bone health. [14,27]

It is questionable whether 12 weeks of exposure is sufficient to
produce additional changes in BMD or mechanical bone strength.
Kanda et al. [14] considered this interval too short and discussed it
as one of the limitations of their study. However, based on data
from Sengupta, [36] one month of animal life is approximately
equivalent to three human years. The follow-up time in our study
and in Kanda et al. [14] was, therefore, comparable to approxi-
mately nine human years. Prospective human studies have shown
significant reductions in BMD after only 6 and 12 months of
exposure to EIAEDs, specifically carbamazepine and PHT. [28,37]
Thus, wedetermined that a 12-weekinterval of exposure should be
sufficient to assess the influence of AEDs on BMD or mechanical
bone strength using a rat model.

As neither low nor high doses of GBP affected BMD or
mechanical bone strength, GBP could be considered a drug with
a lower risk to bone health compared to EIAEDs. It is necessary to
confirm this finding in prospective human trials; a large
prospective study in patients with a high prevalence of GBP found
significant reductions in BMD in those treated with nonenzyme
inducing AEDs compared to patients treated with EIAEDs.
Nevertheless, the study design had several limitations, and many
important factors with possible impacts on bone health were not
included in the analysis (physical activity, diet, and comorbidities);
also, patients with diagnoses other than epilepsy were enrolled. [8]
Significant limitations might also have influenced the results of the
pharmacoepidemiologic study reporting an increased risk of
nontraumatic bone fractures in older adults. [13]

A limitation of this study is the relatively small sample size, and
although statistical significance was found for some of the
observed effects, the ability to identify small effects was limited.

Conclusions

Because neither GBP nor PGB affected BMD or mechanical bone
strength, both of these AEDs could be considered drugs with a
lower risk to bone health. Our results provide new evidence that
PGB has no effect on BMD and mechanical bone strength in this rat
model. For GBP, our findings agree with the animal study by Kanda
et al. [14] Based on the shift in RANKL levels, indicating that the
effect of GBP and PGB on osteoclast activity may be dependent on
the hormonal status of animals, we cannot exclude that there is a
higher risk of bone loss after exposure to GBP and, especially, to
PGB in sex hormmone-deficient animals. There is conflicting
evidence of the effects of GBP on bone, and therefore it is
necessary to confirm these findings in prospective human trials.
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Some data suggest that exposure to levetiracetam (LEV) might be associated with a risk for bone health in the
model of orchidectomized rats. The aim of this study was to investigate if there is any significant risk of LEV for
bone health in the model of gonadally intact animals.

‘Wistar rats were divided into a control group and a test group, 8 rats in each group. The control rats received
standard laboratory diet (SLD) while rats in the test group were fed SLD enriched with LEV for 12 weeks. Dual
energy X-ray absorptiometry was used to measure BMD of the whole body, femur and lumbar vertebrae. The
concentrations of bone markers were examined in bone homogenate. Both femurs and tibiae were used for
biomechanical testing.

We found in the LEV group significantly decreased absolute and relative values of adipose tissue, higher
whole-body BMD, higher right tibia cortical thickness, and a significantly increased concentration of Bone
Alkaline Phosphatase (BALP) and cross-linked C-telopeptide of type I collagen (CTX1) compared with the control
group.

The results suggest that the long-term administration of LEV in the model of gonadally intact rats does not
have a negative effect on bone. Significant increase in BMD and cortical thickness of the right tibia may indicate
even a positive influence on the properties of bone. Further studies will be necessary in animals and humans to

confirm these findings.

1. Introduction

Epilepsy is one of the most common chronic neurological disorders,
characterized by recurrent seizures of cerebral origin (Hamed et al.,
2014). The disease affects more than 50 million people worldwide
(Shen et al., 2014). Anti-epileptic drugs (AEDs) are the main form of
treatment for people with epilepsy and the treatment with AEDs is
frequently lifelong (Shen et al.,, 2014; Fitzpatrick, 2004). However
AEDs are prescribed as first-line treatment also for a variety of non-
epileptic conditions as well, mainly bipolar spectrum disorders and
chronic pain states (Reimers, 2014). Only one out of three AED users
takes these drugs for epilepsy (Reimers, 2014). AEDs are associated
with adverse effects on bone health and with increased risk of fracture
(Koo et al, 2013). It is estimated that patients with epilepsy have a 2-6
times greater risk of bone fractures compared with the general popu-
lation (Svalheim et al., 2011). Aetiology of osteopathy in epileptic
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E-mail address: karesovaiva@gmail.com (L Karesova).
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patients is multifactorial with an important role of a usually lower level
of physical activity and probably also a shorter period of the exposure
to the sun. The probability of a decrease in BMD increases with the
length of AEDs medication, combination of AEDs, institutionalization
and the presence of other risks for bone tissue in the case history (Desai
et al., 1996). Enzyme-inducing AEDs are particularly implicated in bone
loss, but some studies suggest that also valproate, an enzyme inhibitor,
is associated with reduced bone mineral density (BMD) and bone loss
(Anwar et al., 2014). Evidence for the effect of newer AEDs on bone
metabolism and BMD is limited and further investigation is required
(Anwar et al., 2014).

Levetiracetam (LEV) is a relatively new and one of the most widely-
prescribed non enzyme-inducing AEDs, effective in the treatment of
partial and generalized seizures (Artemiadis et al., 2016; Anwar et al.,
2014). LEV is an analogue of the nootropic agent piracetam and has
anti-seizure properties (Shetty, 2013; Erbas et al.,, 2016). It has also
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been proposed that the attractiveness of LEV as an AED is boosted by its
beneficial pharmacokinetic attributes, including excellent oral bioa-
1ot dependent on the P450 cytochrome system, linear ki-
netics, minimal plasma protein binding, and rapid achievement of a
steady state concentration (Shetty, 2013; Peyrl et al., 2015). The drug is
safe and generally well tolerated (Koo et al., 2013). Literature data
suggest that LEV may have minimal (if any) adverse effects on bone
(Artemiadis et al., 2016; Koo et al., 2013; Erbas et al., 2016; Nissen-
Meyer et al,, 2008), and the effect on bone may even be positive, as
demonstrated by a recent retrospective cohort study (Phabphal et al.,
2013). However, in orchidectomised rats we have demonstrated that
LEV treamment may significandy reduce BMD and bone mineral content
(BMC), and have an adverse effect on bone metabolism (Fekete et al.,
2013). In this study we have exposed gonadally intact animals to LEV to
investigate whether the effect applies also in the model of gonadally
intact animals.

2. Materials and methods
2.1. Animals

The experiment used eight-week-old male albino Wistar rats
(Biotest s.r.0., Konarovice, Czech Republic). The animals were hosted in
groups of 4 in plastic cages. During the experimental period the animals
were maintained in controlled conventional conditions (12h light and
12h dark, temperature 22 = 2°C, air humidity 30-70%). Tap water
and standard laboratory diet (SLD, VELAS, a.s.. Lysa nad Labem, Czech
Republic) or SLD enriched with LEV were given ad libitum. Drinking
water was available ad libitum. The weights of the rats were monitored
once a week. All animals received humane care in accordance with the
guidelines set by the Institutional Animal Use and Care Committee of
Charles University, Prague, Faculty of Medicine in Hradec Kralove,
Czech Republic. The protocol of the experiment was approved by the
same commilttee.

2.2 Experiment design

The rats were divided into two groups of 8 animals: 1st group
(Control group): rats fed with SLD; and 2nd group (LEV group): rats fed
with SLD enriched with LEV (101 mg/25 g of the diet; Levetiracetam,
UCB Pharma). On the second day the LEV group began to receive SLD
enriched with LEV and the Control group only SLD, both diets ad li-
bitum. After 12 weeks, the animals were killed by blood withdrawal
from the abdominal aorta under ether anesthesia, and the obtained
serum was aliquoted and stored at — 80°C for ensuing biochemical
analyses. After kill of the rats, both tibiae and femurs were dissected
free of soft tissue, wrapped in gauze moistened with saline and frozen o
—80°C till required for analysis.

2.3, Analysis of serum and bone homogenates

Blood serum levels also of levetiracetam were determined at the end
of the experiment. Concentrations of levetiracetam in the samples were
determined by the modified high-performance liquid chromatography
method with UV photodiode-array detection (Lancelin et al.,, 2007).
Levetiracetam and internal standard UCB 17025 were extracted after
alkalization of the sample (0.05ml) into dichloromethane. Organic
solvent was evaporated and the residue was dissolved and injected for
HPLC analysis. Compounds were separated on a Zorbax SB-C8 column
(Agilent Technologies, USA) at flow rate 1.1 ml/min. The mobile phase
was composed of 10% acetonitrile, 7% methanol and 83% of a 20 mM
phosphate buffer pH 6.7 with 0.1% triethylamine. UV detection was
performed at a wavelength of 200 nm.

Bone homogenate was prepared from the femur. After animal kill,
both femurs were carefully excised; after removal of all the surrounding
skin, muscle and other soft tissue, they were stored at —80°C until
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required. The diaphysis part of the femur (0.1 g) was disrupted and
homogenized by TissueLyser II (Qiagen, Netherlands). The homo-
genization consisted of the following steps. Liquid nitrogen was poured
into the grinding jar over the ball and femur sample and 0,5ml of
phosphate buffer was added (PBS, PENTA Prague, Czech Republic). The
femur tissue was ground at 30 Hz for 1 min After this procedure a
further 1,5ml of phosphate buffer was added and ground at 10 Hz for
15 s. The raw tissue homogenate was centrifuged at 10,000 g at 4°C for
10 min, and the resulting supernatant was collected and stored at
—80°C.

Levels of the markers of cross-linked C-telopeptide of type I collagen
(CTX-I), amino-terminal propeptide of procollagen type I (PINF),
sclerostin (SOST), Bone Alkaline Phosphatase (BALP) and Receptor
Activator of Nuclear Factor Kappa B Ligand (RANKL) were analyzed in
this bone homogenate using the ELISA method. Bone-marker levels
were determined using kits from the firm Usen Life Science Inc.,
Wuhan, China (PINP, ng/ml; CTX-L, pg/ml; SOST, pg/ml; RANKL, pg/
ml), except for levels of BALP which were determined using a kit from
the firm BlueGene Biotech, Shanghai, China (BALP, ng/ml).

2.4. Dual energy X-ray absorptiometry analysis

The rat bone mineral density (BMD, g/cm”) was measured by means
of dual energy X-ray absorptiometry (DEXA) on a Hologic Delphi A
device (Hologic, MA, USA) at the Osteocentre of the Faculty Hospital
Hradec Kralove, Czech Republic. Before measurements, a tissue cali-
bration scan was performed with the Hologic phantom for the small
animal. BMD of the whole body, in the lumbar vertebrae and in both
femurs (Fig. 1), and the total lean and fat masses were evaluated by
computer using the appropriate software program for small animals
(DEXA; QDR-4500A Elite; Hologic, Waltham, MA, USA). All animals
were scanned by the same operator.

2.5. Biomechanical testing procedure

Mechanical testing of the rat femoral shaft and femoral neck was
done with a special electromechanical custom-made testing machine

Fig. 1. Evaluation of BMD in three areas of the rat skeleton R1 - lumbar columna (L3-L5);
R2 — left femur; R3 - right femur.
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(Martin Kosek & Pavel Tmecka, Hradec Kralove, Czech Republic) ac-
cording to our methods described in a previous report (Gradosova et al.,
2011). For the three-point bending test, the femur or tibia was placed
on a holding device with the two support points 18 mm apart. A small
stabilizing preload to 10N was used to fix the bone between the con-
tacts. A constant deformation rate of 6 mm/min was generated until
maximal load failure and the breaking strength (maximum load, N) was
recorded. When the bone was broken, the thickness of the cortical part
of the bone was measured by means of a sliding micrometer (OXFORD
0-25MM 30DEG POINTED MICROMETER, Victoria Works, Leicester,
Great Britain). The proximal part of the femur was used for compression
test of the femoral neck. The diaphysis of the bone was embedded into a
container using a methacrylate resin, and a vertical load was applied to
the top of the femoral head. A small stabilizing preload to 10N was
applied and increased at a constant speed of 6 mm,/min until failure of
the femoral neck. The breaking strength (maximum load, N) was re-
corded by the ing unit (Digital 9180, Burster prazi-
sionsmesstechnik gmbh & co kg, Gernsbach, Germany). All bones were
analyzed by the same operator.

2.6. Open field test

An open field apparatus made of a wooden box (60 = 60 x 60 cm)
was used to test the open field exploratory behavior of the rats. The
floor of the apparatus was divided into 16 evenly-spaced squares sur-
rounded by walls of 60cm. The entire apparatus was painted black
except for the floor, which was white and was divided by lines into 16
squares. In the novel test situation, each animal was placed in the low
right corner of the test apparatus for a maximum of 5 min to observe the
following behaviors:

Ambulation: the number of squares crossed by the rat

Rearing: the number of times the rat stood on its hind limbs

Self grooming: the number of responses of grooming, scratching,
licking and washing made by each individual rat

Fecal pellets: the number of fecal pellets excreted by each in-
dividual rat

Central latency: time to enter the central part of the apparatus
(that means four squares in the center of the apparatus)

Before each trial, the floor and the walls were cleaned with cotton
soaked in 70% alcohol.

2.7. Statistical analysis

Statistical analysis was performed using the program NCSS
2007 (Number Cruncher Statistical System, Kaysville, Utah, USA).
of all ts made after 12 weeks of the experiment are
presented as the median and the 25th and 75th percentiles.

3. Results
3.1. Body weight and composition and tissue weights

The weight of the LEV group was decreased, but statistically insig-
nificantly so versus the control group. DXA revealed that the LEV group
showed significant decrease in fat mass (g, %) versus the control group.
The lean body mass was increased versus the control group, but not
statistically significantly. The concentration of LEV corresponded to the
human therapeutic level of the drug (35, 3-235mol/1) (Table 1).

3.2, Level of bone markers

Levels of bone markers from specimens from the femur were mea-
sured to assess the effects of treatment with LEV on bone turnover. LEV
administration for 12 weeks caused an increase in BALP, CTX-1, RANKL
and PINP, and a decrease in sclerostin levels versus the control group.
There was statistically significant increase of BALP and CTX-I (Table 2).
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Table 1
Weight, fat mass and serum levetiracetam concentration after 90 days of drug exposure.

Parameter Control LEV

Final body weight (g) 408,1 (387,5-429,75)  393,4 (383-405,2)
Fat (g) 61,8 (60,65-63,5) 5,85 (31,58-37,1)
Fat (%) 15,4 (14,65-15,9) 8,95 (7,9-9,4)°
Lean body mass (g) 345,1 (323,95-366,85)  358,8(344,8-372.4)

Serum drug concentration -

(umol/T)

225,35 (215,23-235,25)

Data are expressed as medians (25th-75th percentiles).
*P = 0,05 Control versus LEV,

Table 2
Levels of bone markers,

Parameter Control LEV

BALP (ng/ml}) 1069 (0B82-1888) 3,62 (2,12-4,87)"

CTX-1 (pg/ml) 83,015 (46,301-152,004) 340,24 (114,50-560,41)
RANKL (pg/ml) 359,41 (348,886-592,977) 581,58 (467,16-791,77)
FINP (ng/ml) 0 (0-0,12) 4,45 (0-8,80)

Sclerostin (pg/ml) 469,62 (377,47 4-539,791) 420,27 (380,67-505,97)

Data are expressed as medians (25th-7 5th percentiles).
*P = 0,05 Control versus LEV,

3.3. Dual energy X-ray absorptiometry

Bone mineral density was determined by dual energy X-ray ab-
sorptiometry after 12 weeks levetiracetam administration. In the LEV
group there was an unexpected significant increase in BMD of the whole
body compared with the control group. There was no statistically sig-
nificant difference in the BMD in the areas of the lumbar vertebrae or
both femurs versus the control group (Table 3).

3.4. Biomechanical properties

We examined the impact of levetiracetam on bone mechanical
characteristics as a measure of the effects of levetiracetam on bone
metabolism. After levetiracetam administration for 12 weeks there was
no statistically significant difference in parameters between the LEV
group and control group, except for a statistically significant increase in
right tibial cortical thickness in the LEV group (Table 4).

3.5. Open field test

The behaviors quantified in the Open Field Test were not sig-
nificantly different between the control group and LEV group (Table 5).

4. Discussion

Research over recent decades has added to the considerable evi-
dence that older AEDs may have diffuse and profound effects on bone

Table 3
Effect of levetiracetam on bone densitometric parameters.

Parameter Control LEV

Whole body

BMD (g/cm®) 0164 (0160-0166) 0176 (0173-0178)
Diaphysis right femur

BMD (g/cm®) 0185 (0176-0196) 0178 (0172-0189)
Diaphysis left femur

BMD (g/cm®) 0186 (017 7-0186) 0182 (0173-0190)
Lumbar columna (L3-L5)

BMD (g/cm®) 0220 (0197-0222) 0,22 (0215-0225)

Data are expressed as medians (25th-7 5th percentiles).
*P = 0,05 Control versus LEV.
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Table 4
Biomechanical and geometric parameters of rat right and left femurs.

Parameter Control LEV

LF length (mm) 37,44 (36,94-38,26) 37,38 (37,12-37,99)
RF length (mm) 37,02 (36,705-38,165) 37,31 (36,92-37,72)
LF diameter (mm) 3,30 (3315-3,63) 3,52 (3,46-3,74)
RF diameter (mm) 3,49 (3,4-3655) 1,50 (3,52-3,7)

Cortical LF thickness (mm)
Cortical RF thickness (mm)
Maximal load of the left

0,65 (0605-0,67)
0705 (0645-0718)
187,5 (176,25-203,5)

0,60 (0588-0,64)
0,65 (0595-0665)
191,5 (179,75-228,5)

femoral shaft

Maximal load of the right 223 (215,25-238) 233 (226,75-243,75)
femoral shaft

Maximal load of the left 112 (101,75-157) 147,5 (139-160,75)
femoral neck

Maximal load of the right 139 (128,5-147,5) 151 (126-152)
femoral neck

LT length (mm) 41,01 (40,255-42,085) 40,93 (40,56-41,97)

RT length (mm) 41,01 (40,13-41,685) 40,38 (39,87-41,6)

LT diameter (mm)

RT diameter (mm)

Cortical RT thickness (mm)
Maximal load of the left tibial

2,56 (2545-2755)
2,78 (2735-3,13)
0555 (0538-0592)
247,5 (231-266,25)

2,71 (2,56-2015)
2,86 (2,56-2,96)
0,61 (0,58-0,63)°
278 (254,25-287,25)

shaft (N}
Maximal load of the right tiblal ~ 106,5 (100,25-108,5) 104 (90,5-126)
shaft (N}
Data are expressed as medians (25th-75th percentiles),
*P < 0,05 Control versus LEV.
Table 5
Open field test.
Parameter Control LEV
Ambulation (n. squares) 93 (81-120) 88 (64-104)
Rearing (n. times) 18(13-152) 13 (12-16)
Self-grooming (n. times) 2(1-3) 1(0-2)
Fecal pellets (number) 0 (0-1) 0 (0-0)
Central latency (sec) 44 (32-100) 55 (46-87)

Data are expressed as medians (25th-75th percentiles).
“P < 0,05 Control versus LEV.

mineral density. Patients prescribed newer non enzyme-inducing AEDs
are less likely to have a diagnosis of P is (Phabphal et al.,
2013). There are only a few longitudinal studies with newer AEDs and
their effect on bone — most of the studies are cross-sectional. Evidence
relating to the effect of LEV on BMD and bone metabolism is limited.
Monitoring of bone quality is problematic in humans since the results of
studies may be affected by physical activity, diet, seizure frequency,
differences in baseline BMD amongst subjects, and past intake of other
AEDs. By contrast, the animal model provides a system which is isolated
from disease, lifestyle, drugs and other confounding factors.

In this longitudinal study in rats there occurred a slightly significant
increase in whole body BMD (P < 0,05) in the LEV group. We ob-
served also in this group a significant increase in both a marker of bone
formation (BALP) (P < 0,01) and a marker of bone resorption (CTXI)
(P < 0,05), indicating greater bone turnover, but this effect was not
associated with significant changes of BMD or mechanical strength.
Amongst the geometric parameters we found a statistically significant
increase in right tibia cortical thickness (P < 0,05). Both absolute and
relative wvalues of adipose tissue were significantly decreased
(P < 0001,P < 0,01).

These results are col with the 1 study by Anwar et al.,
in which there was no effect on BMD in albino female mice after 4
months of oral administration of LEV (Anwar et al., 2014). The findings
on BMD are also in agreement with a study by Nissen-Meyer et al. Their
results suggest that LEV could have a biphasic effect on bone. Reduced
biomechanical strength of trabecular bone and reduced levels of serum
osteocalcin, a marker of bone formation, were observed after low dose
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LEV (concentration 122 £ 41 pmol/1) but not by high dose LEV (con-
centration 277 + 65pumol/l) (Nissen-Meyer et al., 2008). In our ex-
periment, the serum level of LEV was 22535 pmol/1
(215,23-235,25 pmol/1), which is comparable to the high dose LEV in
Nissen-Meyer's study. Also some human studies suggest that exposure to
LEV has no negative impact on BMD: duration of exposure to newer non
enzyme-inducing AEDs (including LEV) was associated with higher T-
scores (hip, femoral neck, and lumbar spine) compared with non-users,
and patients were less likely to receive a diagnosis of osteoporosis
(Artemiadis et al., 2016). Phabphal et al. reported that all patients who
switched to LEV from phenytoin had significant improvement in BMD
(Phabphal et al., 2013). Contrastingly, another study has suggested that
patients on long-term treatment with LEV have a higher risk for de-
crease of BMD; however, the validity of this study is limited because of
the lack of of baseli BMD before LEV treatment
(Beniczky et al., 2012).

We report that LEV significantly elevated bone turnover. Regarding
the impact of LEV on bone turnover markers (BTMs), the data are scarce
and mixed. The study by Koo et al. presents that no differences were
observed in biochemical parameters (BALP, C-telopeptide, insulin-like
growth factor-1, calcium, phosphorus, parathyroid hormone, osteo-
calein, 25-hydroxyvitamin D) after LEV monotherapy over 1 year (Koo
et al., 2013). Similarly, Anwar et al. did not find any significant changes
in BTM in female mice (Anwar et al., 2014). As we mentioned above,
LEV treatment in the rat model resulted in significantly reduced levels
of serum osteocalcin (Nissen-Meyer et al., 2008). Another study tested
whether substituting LEV has lesser adverse effects on bone than older
AEDs (valproate, carbamazepine). They found that patients randomized
to older AED treatment had a decrease in serum levels of CTX-I and
PINP, and patients randomized to LEV treatment had a decrease in
serum levels of CTX-1, indicative of reduced bone resorption (Hakami
et al., 2016). Although BTMs are frequently used in clinical trials and
provide valuable information on the efficacy of osteoporosis treatments,
their predictve value is limited because of their large biological var-
iation. Currently the WHO recommends a DEXA scan as the gold
standard for estimation of BMD (Wheater et al., 2013). To our knowl-
edge there are no relevant data concerning the effect of LEV on the
levels of sclerostin or RANKL. LEV is considered to be a weight-neutral
antiepileptic drug (Gidal et al., 2003). It is difficult to explain the sig-
nificant absolute / relative decrease in fatty tissue which we observed
in both this study and in the orchidectomized rat model (Fekete et al.,
2013). The result is surprising, especially in the light of the literature
data, which reports a significant decrease in estradiol level and a de-
crease in aromatase expression after LEV administration (Svalheim
et al., 2008; Cincioglu-Palabiyik et al., 2017). As an expected con-
sequence of the lack of estrogen we should consider the weight gain as
due to the accumulation of adipose tissue, which is reported in both
humans and rodents (Kim et al., 2014). It cannot be ruled out that the
reduction in adipose tissue found by us could have been caused by a
reduction in the volume of received diet by the LEV group. The con-
sumption of diet from the feeder did not differ significantly, but we
cannot exclude that the residues of incompletely-consumed granules in
the litter were not higher in SDL enriched LEV. In our study the open
field test (OFT) was used to test the animals for behavioral changes. We
found no significant changes in the behavior of rats in the LEV group
versus control. LEV seems to have no effect on the behavior of rats in
this study. By contrast, another study suggests that mice under treat-
ment with LEV spent less time in the center field than control group
mice in the open field test (Moon et al., 2014).

In a previous study we published that LEV treatment significantly
reduces BMD of the left and right femoral diaphysis in ORX rats.
Administration of LEV in the ORX rat model significantly decreased the
level of osteoprotegerin (a marker of bone formation) in serum and
increased the level of CTX-I in bone homogenate. The results did not
indicate any change in biomechanical bone strength in ORX rats (Fekete
et al., 2013). Reproductive hormones have a bone-saving effect and
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deficiency of androgens negatively affects body composition
(Gradosova et al., 2012). We propose that sex hormone deficiency may
be one of the important factors for the higher sensitivity of bone to
antiepileptic drug-induced osteopathy. To our knowledge, this is the
first report of a diverse effect of LEV on BMD, bone metabolism markers
and biomechanical properties between groups of rats with different
levels of sex hormone. The basic mechanism of effect of LEV on bone is
still unclear.

There are several limitations that should be considered in evaluating
the present study. Firstly, the sample size was small: although statistical
significance is evident, the capacity to identfy a small effect is limited.
Secondly, behavioral activity was evaluated only by using OFT.

5. Conclusion

In conclusion, our study extends previous reports of the effects of
LEV on bone, and suggests that long-term administration of LEV in the
model of gonadally intact rats has no negative effect on bone. A sig-
nificant increase in BMD and the cortical thickness of the right tibia
may indicate even a positive influence on the properties of bone. It will
be necessary to conduct further studies in animals and humans to
confirm these findings.
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