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Abstrakt

Vyskyt obezity jiz dosahuje epidemickych rozmért. Jako hlavni pficina bylo kromé
nadmérného piijmu potravin a nedostatku fyzické aktivity identifikovano genetické pozadi
a v posledni dob¢ i tzv. obezogeny. Tyto latky poskozuji metabolické procesy, zasahuji do
hormonalnich funkci a naruSuji energetickou rovnovahu ve prospéch pfibirani na
hmotnosti a vzniku obezity.

Teoreticka Cast této prace se zabyva obezitou, tukovou tkani, tukovou kapénkou a
obezogeny. Z obezogenu je vice rozebrana skupina perzistentnich organickych polutantt,
z niz byl jeden zéstupce pouzit v praktické ¢asti této prace.

Cilem praktické casti bylo popsat bunéény model diferenciace mesenchymalnich
kmenovych bunék do adipocyti a nasledné zkoumat vliv jednoho z nejCastéji se
vyskytujicich obezogenli na expresi genu lipidového metabolismu a gend insulinové
signalni drahy.

U bunék byly v pribéhu diferenciace sledovany morfologické zmény (ve dnech 0, 4, 10 a
21). Mesenchymalni buiiky protahlého vietenovitého tvaru se méni na adipocyty vyplnéné
tukovymi kapénkami. Pro kvantifikaci akumulovanych lipidi bylo pouzito barveni Oil Red
O. Diferenciace v adipocyty byla potvrzena fluorescenéni imunocytochemii za pouziti
specifického proteinu FABP4. Viabilita bun¢k byla stanovovana pomoci metody
PrestoBlue™ Cell Viability Reagent. V prib¢hu diferenciace nebyly pozorovany
signifikantni zmény v bunécné viabilite.

V pribéhu diferenciace byly adipocyty vystaveny G¢inkiim latky ze skupiny perzistentnich
organickych polutanti (POP), a to DDE. Pfidani lipidi do diferenciacniho média
simulujici nutricné toxické prostfedi statisticky vyznamné sniZilo u diferencujicich se
adipocytli expresi genli regulujicich adipogenezi (OCT4, PPARG a PPARGCIB).
Expozice DDE statisticky vyznamné zvysila expresi genil lipidového metabolismu a
insulinové signdlni drahy (INSR, AKT2, ACLY, LIPE a FASN) oproti diferencia¢nimu
médiu s pfidanymi lipidy.

Tato prace tak potvrzuje, ze POP nejsou v tukové tkani jen pasivné uloZeny, ale Ze naruSuji
metabolické funkce. Mohou tak hrat vyznamnou roli v rozvoji obezity a jejich komplikaci.

Klicova slova: tukova kapénka, tukova tkan, obezita, obezogeny, DDE, mesenchymalni
kmenové bunky, adipocyty



Abstract

The prevalence of obesity has already epidemic dimensions. Recently, the obesogens have
been identified as the main cause in addition to excessive food intake, the lack of physical
activity and the genetic background. These substances damage the metabolic processes,
interfere with the hormonal functions and impair the energy balance in behalf of gaining
weight and obesity.

The theoretical part of this work deals with obesity, adipose tissue, lipid droplet and
obesogens. From the obesogens there is closely specified a group of persistent organic
pollutants (POP) from which one representative was used in the practical part of this work.

The aim of the practical part was to describe the cellular model of differentiation the
mesenchymal stem cell into adipocytes and to investigate the effect of one of the most
frequently occurring obesogen on the expression genes of lipid metabolism and insulin
signalling pathway.

The morphological changes were observed in cells during differentiation (at days 0, 4, 10
and 21). The mesenchymal cells of the elongated spindle shape changed into adipocytes
filled with lipid droplets. Oil Red O staining was used for quantification of accumulated
lipids. The differentiation to adipocytes was confirmed by fluorescence
immunocytochemistry using a specific protein FABP4. The cell viability was determined
by using the PrestoBlue™ Cell Viability Reagent. During the differentiation there were not
observed any significant changes in the cellular viability.

During the differentiation, the adipocytes were exposed to the effect of the substance from
the group of persistent organic pollutants, nominally DDE. The addition of lipids to the
differentiation medium simulating nutritionally toxic environment reduced significantly the
expression of genes regulating adipogenesis (OCT4, PPARG and PPARGCI1B) by
differentiating adipocytes. The exposure of DDE significantly increased the expression of
genes of lipid metabolisms and the insulin signalling pathway (INSR, AKT2, ACLY, LIPE
and FASN) compared to the differentiation medium with added lipids.

This work confirms that POP are not only passively stored in the adipose tissue but what is
more they can impair metabolic functions. They can have an important role in the
development of obesity and it’s complications.

Key words: lipid droplet, adipose tissue, obesity, obesogens, DDE, mesenchymal stem
cells, adipocytes
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Seznam pouzitych zkratek a symboli

ACLY
acyl-CoA
ADRP

AKT2
bAT
BAT
BMI
CIDE

DDE
DDT
DM2T
ER
FABP4

FASN
hADMSCs
INSR
LIPE
PBS
PCB
PLIN1
PLIN2
POP
PPARA
PPARG
RT-PCR
TG
TNF-a
WAT
WHO
WHR

ATP citrat lyaza

acylkoenzym A

adipofilin (z angl. adipose differentiation-related protein; PLIN2, perilipin
2)

AKT serin/threonin kinaza 2

bézova tukova tkan (z angl. beige adipose tissue)

hnéda tukova tkan (z angl. brown adipose tissue)

Body Mass Index

skupina proteinti navozujicich bunécnou smrt a fragmentaci DNA v sav¢ich
bunkach (z angl. cell death-inducing DFF45-like effector)
dichlordifenyldichlorethylen (1,1-dichloro-2,2-bis(4-chlorofenyl)ethylen)
dichlordifenyltrichlorethan (trichloro-2,2-bis(4-chlorophenyl)ethan)
diabetes mellitus 2. typu

endoplazmatické retikulum

¢len skupiny proteind vazajicich mastné kyseliny (z angl. fatty acid binding
protein 4)

syntdza mastnych kyselin

lidské mesenchymalni kmenové buiiky derivované z tukové tkdné
insulinovy receptor

hormon-senzitivni lipdza (HSL)

pufrovany fyziologicky roztok (z angl. phosphate buffered saline)
polychlorované bifenyly

perilipin 1 (PLIN1), ¢len skupiny PAT proteinti

perilipin 2 (ADRP, adipofilin, z angl. adipose differentiation-related protein)
perzistentni organické polutanty

alfa receptory aktivované peroxisomovym proliferatorem

gamma receptory aktivované peroxisomovym proliferatorem
polymerédzova fetézova reakce (z angl. real-time polymerase chain reaction)
triacylglyceroly

faktor nadorové nekrozy o (z angl. tumor necrosis factor o)

bila tukova tkan (z angl. white adipose tissue)

Svétova zdravotnicka organizace

pomer pasu a boki (z angl. waist-hip ratio)



1 UVOD

V soucasnosti trpi obezitou ¢i nadvahou témér tretina lidi ve véku vySSim nez 18 let a
vyskyt tohoto onemocnéni stale celosvétoveé vzrista, prestoze se jednd o onemocnéni
preventabilni. Alarmujici je, Ze jeho prevalence prudce stoupa nejen u dospélych, ale i u
deéti.

Nadvahu a obezitu definujeme jako nadmérné nebo abnormalni ukladdani tuku, které
negativné ovliviiuje zdravi jedince. Za hlavni pfi€iny ndrGstu obezity a metabolickych
onemocnéni se v souCasné dobé povazuje obezigenni zivotni prostiedi a Zivotni styl
¢lovéka, charakterizovany snizenou fyzickou aktivitou a nadbytkem kaloricky denzni
potravy s velkym mnozstvim tuktl a jednoduchych cukri. K obezité jsou Casto pfidruzena i
dal$i doprovodna onemocnéni jako je napf. hypertenze, dyslipidemie, hyperglykemie,
insulinova resistence a kardiovaskularni onemocnéni. Toto je v klinické mediciné souhrnné
oznacované jako kardiometabolicky syndrom, ktery byl poprvé popsan v 80. letech 20.
stoleti profesorem Geraldem Reavenem [Abella, 2014; Ferdinand, 2014]. Na patogenezi
komplikaci obezity se podili zejména sama tukova tkan.

V soucasné dobé jsou diskutovany hypotézy o vlivu tzv. obezogenli ¢i endokrinnich
disruptort, tedy chemickych latek ze zevniho prostredi, které se mohou spolupodilet jak na
adipogenezi, tak na metabolickych poruchidch. Mezi tyto latky patii i1 perzistentni
organické polutanty (POP), které se do lidského organismu dostdvaji pfedevS§im potravou
zivoci$ného pitvodu [Miillerova a Kopecky, 2007; Xu et al., 2013].

V poslednich letech bylo prokézano, Ze ke komplikacim spojenych s nadvahou, obezitou a
rozvojem diabetu mellitu 2. typu ¢i kardiometabolického syndromu miZe vést 1 sniZujici se
mitochondridlni hustota a poskozeni mitochondridlnich funkei v riznych tkanich
[Heilbronn et al., 2007; De Pauw et al., 2009]. V souvislosti stim se zkouma vliv
perzistentnich organickych polutantli na mitochondrialni funkce a ukazuje se, Ze tyto latky
maji negativni G€inek na respiracni parametry mitochondrii, zvySuji produkci volnych
kyslikovych radikalt a tak dochazi k dalSimu zvySovani oxidacniho stresu, ke zvySeni
hladin zanétlivych cytokini a néasledné vzniku prooxidativnich podminek. Vzniklé volné
kyslikové radikaly pak mohou poSkodit bunééné struktury a podilet se zp&tn€ na spusténi
zangtlivé reakce spojené s insulinovou rezistenci ¢i kardiometabolickym syndromem.
Jedna se tak o zaCarovany kruh, kdy dochazi k dalSimu nariistu oxida¢niho stresu
vedoucimu k dal$imu a stile se zvySujicimu poskozeni organismu [Pshenichnyuk a
Modelli, 2013].



1.1 Obezita

1.1.1 Definice a prevalence obezity

Horni hranice optimalniho obsahu tuku v téle u dospélého muze je 20 %, u Zen o néco vice
(z fyziologického divodu zasob pro obdobi téhotenstvi a kojeni) - do 25 % tclesné
hmotnosti. Obezita je onemocnéni charakterizované zmnozenim tukové tkané téla nad
optimalni hodnotu. Tukova tkan pak prestava plnit svoji metabolickou a endokrinni roli.

V soucasnosti je prokazéano, ze rychlost nartistu obezity v populaci je tak velka, Ze se jedna
jiz o pandemii obezity, pfi¢emz jsou postizeny nejen vyspélé, ale i rozvojové staty. Uvadi
se, ze v soucasné dob¢ trpi nadvahou asi jedna tfetina populace a jedna tietina obezitou.
Prevalence obezity u déti je odhadovana na 10 %, a jestlize je obezita pfitomna jiz
v détstvi, je 60% pravdépodobnost, zZe ji bude ¢lovek postizen i v dospélosti [Miillerova et
al., 2014].

Podle Svétové zdravotnické organizace (WHO) je v evropském regionu 50 % lidi
s nadvahou nebo obezitou, obéznich je z toho kolem 20 % [WHO, 2018].

V Ceské republice byla podle priizkumii agentury Stem/Mark v roce 2008 zjisténa
prevalence obezity u dospé€lych muzi nad 18 let 23 %, u dospélych Zen 21 %. Nadvahou
trpélo dalSich 41 % muzi a 28 % zen. Prevalence détské obezity byla odhadovana na 7 %.
Uz vroce 2002 oznacila WHO problém nadvahy a obezity jako Sesté nejvyznamnéjsi
riziko ohrozujici lidské zdravi [Miillerova et al., 2009].

V zéti 2014 byl regionalnim vyborem WHO pro Evropu piijat Akéni plan vyzivy, ktery ma
vyrazn¢ snizit zaté¢Zz neinfekénich onemocnéni souvisejicich s vyzivou, obezitou a
podvyzivou zlepSenim spravy potravinového systému a celkové kvality stravy [WHO,
2018].

Obezita je chronické onemocnéni, kterému lze predchézet, a které je jednim z nejvétSich
hnacich motorti dalSich onemocnéni jako diabetes mellitus 2. typu (DM2T) a
kardiovaskularni onemocnéni. Pfedstavuje znaCnou socialni a ekonomickou zatéZz celé
spole¢nosti [ Yang et al., 2017].

1.1.2 Etiologie obezity

Mezi pfijimanou a vydavanou energii je pro pfeZiti organismu nezbytnd rovnovaha, tzv.
energetickd bilance. V ptfipadé kdy pievazuje energeticky vydej, dochédzi k hubnuti
(snizovéani stavu energetickych zdsob) a snizeni schopnosti organismu ptizpusobit se

vV

vydejem, energetické zasoby rostou, mize dojit k preplnéni fyziologickych rezervoart
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uskladnujicich nadbytek energie. Dochéazi ke zvySeni mnozstvi tukové tkané a télesné
hmotnosti, coz se mize projevit nadvahou az obezitou [Miillerova et al., 2009].

Vznik onemocnéni obezitou ma vice pfiCin, jednd se o multifaktoridlni metabolické
onemocnéni. Hlavni pfi¢iny jsou shrnuty v tabulce 1.

Tabulka 1 - Hlavni pri€iny vzniku obezity,
upraveno dle [Hlubik, 2005]

e genetické (pfitomnost tzv. iisporného genu zajiStujiciho
v minulosti pfeziti lidstva v obdobi hladu)
Biologické e hormonalni (obdobi té¢hotenstvi, menopauzy)

e zdravotni (imobilizace, farmakoterapie)

e vék
Demografické . pol?law (u. zen vetsi tendence k ukladani tuku)
e etnické vlivy
e stravovaci zvyklosti (pfevaha energetického piijmu nad
vydejem, konzumace vysoce kalorickych potravin)

e koufeni

Environmentalni e alkohol
o fyzickd inaktivita
e expozice obezogenim
e stupen vzdélani

Socialni e psychologické faktory

e finanéni situace

1.1.3 Klasifikace hmotnosti ¢lovéka

Abychom mohli jednotlivé stupné nadvahy a obezity specifikovat, je snaha o jednotnou
klasifikaci hmotnosti ¢loveka.

To mizeme udé¢lat pomoci antropometrickych indexii, napt. podle indexu hmotnostné-
vysSkového — Body Mass Indexu (BMI) (tabulka 2). Ten se vypocitad jako pomér télesné
hmotnosti a druhé mocniny télesné vysky (kg/m?). Pfi hodnoté BMI nad 25 se jedna o
nadvahu, od hodnot BMI nad 30 jiz mluvime o obezité. Jeho hodnota je vSak pouze
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orientacni, napf. sportovci nekterych sportovnich odvétvi mohou mit hodnotu BMI vyssi,
protoze maji vybudovanou velkou svalovou hmotu.

Tabulka 2 - Klasifikace hmotnosti podle BMI,
upraveno dle [Miillerova et al., 2014]

Klasifikace BMI (kg/m?)
Podvaha < 18,4
Normalni vaha 18,5-249
Nadvaha 25,0-29,9
Obezita 1. stupné 30,0 -34,9
Obezita 2. stupné 35,0-39,9
Obezita 3. stupné 40 a vice

Nejjednodussi metodou stanoveni rozlozeni tukové tkané v téle je méfeni obvodu pasu,
které je objektivnéjsim indikatorem metabolického rizika nez BMI. Za zvysené riziko se u
muzl povazuje obvod pasu nad 94 cm, u Zen nad 80 cm. Za vysoké riziko se u muzi uvadi
obvod pasu nad 102 cm a u Zen nad 94 cm.

K méfeni a indikaci rozvoje zdravotnich rizik se vyuziva rovnéz pomér obvodu téla v pase
a kolem boki (waist-hip ratio — WHR). Muzi by méli mit hodnoty do 0,95 a Zeny do 0,85.
Hodnoty vyssi signalizuji nevhodné rizikovéjsi rozlozeni tuku v téle, tzv. tvar jablka (viz
kapitola 1.1.4).

V soucasné dob¢ je upiednostiiovano sledovani zastoupeni celkového télesného tuku a jeho
rozlozeni. Nejpouzivané€j§i metodou je metoda bioelektrické impedance (BIA), ktera je
zalozena na méfeni odporu téla prochéazejicimu stfidavému elektrickému proudu o riznych
frekvencich.

Pro posouzeni vyzivového stavu déti se pouzivaji percentilové grafy [Miillerova et al.,
2014].
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1.1.4 Fenotypy obezity

Podle fenotypu muzeme obezitu rozdélit na dvé zakladni varianty — na androidni
(centralni, tvar jablko, ¢astéj$i u muzl) a gynoidni (periferni, tvar hruska, castéjsi u Zen),
jak je znazornéno na obrazku 1, kde jsou hlavni skladovaci mista vyznaCena zluté.
Vodorovna ptimka znaci linii pasu.

Obrazek 1 - Fenotypy obezity,
upraveno dle [Guglielmi a Sbraccia, 2018]

Bila tukova tkan (WAT) zahrnuje pocetna anatomicka ulozisteé (viz kapitola 1.2.3). Hlavni
skladovaci mista se nachazeji v podkozni, bfisSni a gluteo-femoralni oblasti. Je v nich
ulozeno vice nez 80 % celkového télesného tuku a plsobi jako ochrannd bariéra proti
mechanickému namahani, koznim zanétlivym procestim a jako tepelna izolace.

Struktura a rozloZeni bilé tukové tkdné¢ ma velky vliv na systémovy metabolismus, a tudiz
na riziko komplikaci obezity. Intra a retroperitonealni tlozisté, tzv. visceralni tukova tkan,
reprezentuje 10 — 20 % celkového télesného tuku u muzi a 5 — 10 % u Zen.
Intraperitonedlni tuk zahrnuje wloZiSt¢ omentarni (zavéSené na Zaludku), mezenterické
(spojené se stievem) a epiploické (podél stieva). Pak jsou jesté¢ dal$i pocetnd mald
visceralni tukova ulozisté, kterd mohou slouzit specializovanym funkcim souvisejicim se
sousedicimi tkanémi.

Pohlavi Cloveéka je dilezitym faktorem v projevu androidni nebo gynoidni obezity. Zeny
maji vyssi obsah celkového tuku a jsou obecné efektivnéjsi v rozdélovani tuku na periferii
nez muzi. Nicméné po menopauze je pozorovan piechod ke skladovacimu vzorci jako u
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muzl, s pfidruzenym zvySenim metabolického rizika. Tento sexudlni dimorfismus se
castecné vysvétluje supresivnim efektem testosteronu na aktivitu lipoproteinové lipazy
(LPL) a zvySenim antilipolytickych a2-adrenergnich receptorti v gluteofemoralni podkozni
oblasti [Guglielmi a Sbraccia, 2018].

Pohlavni hormony nejsou pouze regulatory metabolismu adipocytd, ale také kinetiky jejich
bunéénych prekurzorii. Zatimco testosteron zhorSuje adipogenezi, estrogen stimuluje
proliferaci preadipocytt jak v bfisnim podkozi, tak ve viscerdlni tukové tkéni a progesteron
stimuluje jejich diferenciaci.

Na rozdily v distribuci tuku ma vliv také genetika, etnicka ptislusnost a faktory zivotniho
prostiedi. S rostoucim vékem se vSak télesny tuk centralizuje a pterozdéluje se z podkozi
do visceralnich prostor bez ohledu na pohlavi a rasu.

Zvétseni objemu adipocytti (hypertrofie), ale ne zvyseni jejich poétu (hyperplazie), je
spojeno s kardiometabolickym rizikem [Guglielmi a Sbraccia, 2018]. Ve srovnani
s visceralnim tukem obsahuje podkozni tuk vétsi mnozstvi preadipocytd, které dokonce
vykazuji vy$$i hladiny exprese adipogennich genii a Iépe reaguji k diferenciacnim
podnétim nez preadipocyty z visceralni tkané. Akumulace tuku ve visceralnim ulozisti je
prevazné vysledkem hypertrofie adipocytii, zatimco hyperplazie je pozorovana prevazné
v subkutannim ulozisti [ Tchkonia, 2005].

Centralni (androidni) obezita (hlavné visceralni), ale také akumulace tuku v abdomindlni
subkutanni oblasti, pfindsi zvysené riziko metabolickych komplikaci, zatimco periferni
obezita (gynoidni) s upfednostnénym ukladanim tuku v oblasti gluteo-femoralni je
asociovana s niz$im rizikem a miize byt dokonce protektivni. V souvislosti stim se
potvrzuje, Zze obvod pasu a WHR jako znamka centralni obezity muze byt vétSim
nezavislym rizikovym faktorem pro insulinovou rezistenci, DM2T, dyslipidemii a
aterosklerdzu ve srovnani s BMI [Guglielmi a Sbraccia, 2018].

1.1.5 Patofyziologie obezity, zanét v tukové tkani

Pti akumulaci triacylglyceroli (TG) dochazi na bunééné trovni k nadmérnému zmnozeni
tukovych kapének. V adipocytech pak jde o zvétSeni tukové kapénky s nasledkem
celkového zvétSeni buiky (hypertrofie). Tyto hypertrofované adipocyty vSak nevylucuji
dostatek adipokint k udrzeni citlivosti na insulin.

Patologii nadmérného uklddani TG mohou ovlivnit proteiny lokalizované na povrchu
tukovych kapének, napt. FSP27/CIDEC (fat-specific protein 27) a perilipin 1 (PLINI).
FSP27/CIDEC je regulovan insulinem, ovliviiuje vyvoj metabolického syndromu regulaci
uklddani TG v adipocytech a jeho polymorfismy ovliviiuji vznik obezity a insulinové
rezistence. Exprese PLIN1 je rovnéZ dilezitym faktorem asociovanym s obezitou. Chrani
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kapénku pted bazalni lipolyzou, ale kdyz dojde ke stimulaci lipolyzy, reguluje ptistup lipaz
ke kapénce. Vysoké hladiny exprese téchto proteinti podporuji skladovani neutralnich TG
v tukové tkani. Pii metabolickém syndromu je vSak rezervoarova funkéni kapacita tukové
tkan¢ prekrocena a volné mastné kyseliny se pak hromadi v kosternim svalstvu, srdci nebo
jatrech. Pasobi zde lipotoxicky a spolupodileji se na rozvoji metabolického syndromu s
insulinovou rezistenci [Krahmer et al., 2013].

WAT vylucuje Cetné bioaktivni molekuly, které mohou plsobit auto-, para- a endokrinnim
zpusobem. Obezita vede ke zvySeni exprese prozanétlivych cytokinti, napi. MCP-1, TNF-
a, interleukinu 6. Tukova tkan obéznich pak vykazuje pfitomnost chronického zanétu s
infiltraci makrofagli, neutrofild a dalSich imunitnich bunék, pficemz vyssi infiltrace
makrofagl je u obéznich ve viscerdlni oblasti ve srovnani se subkutanni. Obezita indukuje
fenotypovou zménu makrofdgii v bilé tukové tkani zvySenim prozanétlivych Ml
makrofagl a redukci antizanétlivych M2 makrofagti [Guglielmi a Sbraccia, 2018].

Pfi expanzi tukové tkdn€¢ mohou rostouci adipocyty zvétSovat mezikapilarni vzdélenosti,
coz vede k mistni hypoxii. To je nasledné spojeno s dysfunkei nebo smrti adipocytii a se
zahajenim zanétlivé odpovédi. Hypoxie tukové tkané mulze rovnéz piispivat k urychlené
progresi nadord u obézni populace [Gérard a Brown, 2018].

Jako soucést regenerativniho procesu, jako odpovéd na zanét a lokalni hypoxii zajistuji
rustové angiogenni faktory a proteolytické enzymy remodelaci vaskularizace a
extracelularni matrix a objevuje se také fibroza tukové tkané. Je zajimavé, ze prestoze
existuje mnozstvi dikazli prokazujicich Skodlivou ulohu zanétu tukové tkané
v komplikacich obezity, mohl by byt zanét povazovan za adaptivni odpovéd’ umoziujici
bezpecné skladovani nadbyte¢nych Zivin a pfispivajici k viscerdlni tukové bariéfe, ktera
efektivné filtruje endotoxiny [Guglielmi a Sbraccia, 2018].

1.1.6 Komplikace obezity

WHO oznacila problém nadvahy a obezity jako Sesté nejvyznamnéjsi riziko, které ohroZuje
lidské zdravi a vyznamné zvySuje morbiditu, mortalitu a zhorSuje kvalitu zivota.

Obezita Gzce souvisi se zvySenym vyskytem dalSich onemocnéni (komplikaci), jako je
insulinova rezistence a DM2T, gestacni diabetes, vysoky krevni tlak, kardiovaskularni
onemocnéni, dyslipidemie, systémovy zanét a prokoagulacni stav, ¢asto uvadéné jako
soucasti tzv. kardiometabolického syndromu. Z dalSich komplikaci je v popfedi i1
nealkoholické steatéza jater, chronicka rendlni insuficience, spankova apnoe a ventila¢ni
nedostatecnost.

Jedinci s obezitou maji zvySené riziko ischemické choroby srde¢ni a cévni mozkové
piihody [Urban a Little, 2018]. Tyto komplikace obezity jsou v Zebficku WHO deseti
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nejcastéjSich pfi¢in amrti v roce 2016 na 1. a 2. misté. Dal§i z komplikaci - diabetes
mellitus — je na 7. misté, pfestoze se v roce 2000 do tohoto zebficku jesté netadila (obrazek
2) [WHO, 2018].
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Potet tumnrti (v milidnech)

Izchemicka choroba srdetni
Céwvri mozkova pithoda
Chronicka obstrukéni choroba

bronchopulmonalni
Infekee dolnich cest dychacich

Alzheimerova choroba a dalii demence
Skupina piicin
Zhoubné novotvary plic a dychacich cest

Diabetes mellitus Bl Infekini onemocnéni

Urazy v doprave B Neinfekéni onemocnéni

Priijmova onemocnéni Urazy

Tuberkuloza

wewr wrwe

Obrazek 2 — Zeb¥itek deseti celosvétové nejéastéjSich pFicin umrti v roce 2016,
upraveno dle [WHO, 2018]

Z duvodu vétsiho zatizeni kostry v disledku zvyseni télesné hmotnosti trpi nosné klouby a
postura s projevy artroz nosnych kloubtl a vertebrogenniho algického syndromu [Urban a
Little, 2018].

Z hlediska reprodukéniho zdravi dochazi u obéznich ke zhorSeni plodnosti a zvySeného
zdravotniho rizika pro vyvijejici se plod 1 t€hotnou Zenu. Obezita je u Zen spojena
s anovulaci. Ovulacni potize zpiisobuji prodlouzeni doby téhotenstvi a piimo plisobi na
oocyty, coz se projevuje horsim vyvojem embrya [Best a Bhattacharya, 2015].

Epidemie obezity je rovnéz doprovazena narGstem muzské neplodnosti, coZ je zplisobeno
hormonalnimi poruchami, hypogonadismem a zhorSenymi parametry kvality spermatu.
Pouziti spermii obéznich muzl pro in vitro fertilizaci mliZe byt spojeno s vy$s§im rizikem
potratu a sniZenim poctu Zivé narozenych déti. Ze studii na zvifatech se ukazuje, Ze
otcovska obezita miiZe mit negativni dopad i na reprodukéni a metabolické zdravi potomkt
[Chambers a Richard, 2015].

Obezita je spojena rovnéz se zvySenym rizikem nekterych typii nddorovych onemocnéni
(kolorektalni karcinom, karcinom pankreatu, karcinom délohy, ovarii a prsu u Zen,
karcinom prostaty u muzi) [Heindel et al., 2015]. Karcinom prsu je nejcastéjSim
nadorovym onemocnénim u Zen ve svété s vice nez 1,6 milidny zachycenych novych
piipadd roéné, coz odpovida Gtvrting viech nadorti diagnostikovanych u Zen. V CR bylo
v roce 2015 zachyceno 7102 novych ptipadl, coz odpovida incidenci 132,4 zen na 100
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tisic [COS CLS JEP, 2018]. Epidemiologické studie identifikovaly mnohé dilezité faktory
rizika rakoviny prsu, jako je v€k a rodinnd zat¢z, ale patii sem i nadvéha a obezita. Obézni
zeny s rakovinou prsu maji vetsi naddory, pokrocilejsi stadium onemocnéni pii diagndze,
vyS$$i miry metastaz a rozvoj rezistence endokrinni terapie. Obezita je asociovdna s vysSim
rizikem rozvoje rakoviny prsu hlavné u postmenopauzalnich Zen. Vice nez 75 % nadort
prsu exprimuje estrogenovy receptor. Estrogeny vznikaji z androgenti pomoci enzymu
aromatazy, jejimz zdrojem jsou stromalni mesenchymalni buiiky a preadipocyty. VétSina
estrogent v postmenopauzalnim véku pochazi z tukové tkang, které maji pravé obézni
zeny nadbytek [Gérard a Brown, 2018].

1.1.7 Moznosti FeSeni problému obezity

Obezita se stala vzhledem k sedavému Zivotnimu stylu a nezdravym stravovacim navykim
celosvétovym zdravotnim problémem, kterému lze preventivné predchéazet. Je mozné snizit
pocet pacientd s ¢etnymi komplikacemi a zamezit tak obrovskym ekonomickym ztratdm
spojenych s jejich lé€bou a pracovni neschopnosti.

Aktudlni klinické pfistupy k obezit¢ zahrnuji dietoterapii, programy fyzické aktivity,
psychologickou podporu, farmakoterapii a chirurgickou 1écbu (bariatrické operace). Jedna
se 0 obtizn¢ 1é¢itelné onemocnéni, pii kterém je nutna velka motivace pacienta. Intenzivné
se zkoumaji moznosti medikamentozni 1écby, pfi niz se vyuzivad hlavné tlumeni chuti
k jidlu, blokada vstfebavani tuku v travicim traktu, ovlivnéni hormont traviciho traktu
(inkretinll) a nové¢ 1 blokada zpétné absorpce glukozy v ledvinach [Svacina et al., 2015].
Stale vice je pak v 1é¢bé obezity uzivano feSeni pomoci bariatrické a metabolické chirurgie
[Fried, 2017].
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1.2 Tukova tkan

Tukova tkan byla dlouho povazovana pouze za pasivni zdsobarnu energie. To se zménilo
na konci 20. stoleti, kdy byly objeveny hormony produkované tukovou tkani, které tak byla
priznana i funkce endokrinni, a pozdé&ji i funkce imunitni. V souc¢asné dob¢ je tukova tkan
na molekuldrni Grovni intenzivné zkoumana a poznatky ztéchto vyzkuma by mohly
pomoci usnadnit 1é¢bu obezity a jejich Cetnych komplikaci.

1.2.1 Histologie tukové tkané

Tukova tkan patii mezi pojivovou tkan. Jeji kostrou je sit” kolagennich vlaken, na niz jsou
fixovany bunky. Jedna se pievazné o preadipocyty a maturované adipocyty. Je zde mozné
nalézt v okoli cév i vaskuldrni endotelidlni bunky, déle fibroblasty, leukocyty, makrofagy,
pericyty a dal$i. Tukova tkan je obklopena retikularnim vazivem a kapilarami [Cedikova et
al., 2016].

1.2.2 Fyziologie tukové tkané

Tukova tkan slouzi pfedevsim jako rezervoar piebytecné energie, kterd je ve formé¢ TG a
estert cholesterolu uchovavana v tukové kapénce adipocytu a v ptipadé zvysené potieby je
zase uvoliovana. Vazanim ptebytecnych lipidii do TG je organismus rovnéz chranén pred
lipotoxicitou. Dals$i z tradi¢n¢ uvadénych funkci tukové tkané je funkce tepelné-izolacni a
funkce mechanické ochrany organt proti narazim.

V 90. letech 20. stoleti, kdy byl jako prvni objeven hormon leptin produkovany adipocyty,
bylo zjisténo, ze tukova tkan neslouzi pouze jako UloZiSt€ nadbytecné energie, ale je
vysoce hormondlné aktivni tkani. Produkuje fadu biologicky aktivnich latek proteinové
povahy, které nazyvame adipokiny (adipocytokiny) (tabulka 3). Adipokiny nejsou
produkované pouze adipocyty, ale i dal§imi bunikami pfitomnymi v tukové tkdni. Pouze
leptin a adiponektin jsou produkty vyluéné pochazejici z adipocytli. Hormony tukové tkané
pusobi bud’ pfimo na buniky v okoli — na adipocyty, makrofagy a fibroblasty (funkce
parakrinni) anebo jsou vyplavovany do krevniho fecisté¢ a ovliviluji vzdalengjs$i organy
jako svaly, jatra, mozek, endotel (funkce endokrinni). Reguluji cetné pochody v
organismu, zejména piijem potravy, vydej energie, insulinovou senzitivitu, rozvoj zanétu,
imunitni systém, funkci pohlavnich zlaz nebo rozvoj patologickych komplikaci [Krahmer
etal., 2013].
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Tabulka 3 - Pi‘ehled nejdulezitéjSich znamych proteinovych hormoni

produkovanych tukovou tkani,

upraveno dle [Hainer, 2011]

Nazev hormonu

Vyznam v organismu

Adiponektin antiaterogenni ucinky, zvyseni insulinové senzitivity
Agouti protein regulace energetické homeostaze
Angiotenzinogen regulace krevniho tlaku

ASP (acylation stimulating
protein)

regulace energetické homeostaze, imunitni d¢je,
ovlivituje rychlost syntézy TG

EGF (epidermal growth factor)

rustovy faktor

FABP 4 (fatty acid binding
protein 4)

regulace intracelularniho transportu mastnych
kyselin, ovlivnéni zanétu a insulinové senzitivity

FGF 21 (fibroblast growth factor)

rustovy faktor, regulace insulinové senzitivity

IGF-1 (insulin-like growth factor
D)

regulace rustu a metabolickych déju

IGFBPs (IGF-binding proteins)

regulace hladin IGF, metabolické uc¢inky

IL-6 (interleukin 6)

prozanétlivy cytokin, modulace insulinové senzitivity

Leptin

regulace energetické homeostaze

MCP-1 (monocyte
chemoattractant protein 1)

prozanétlivy cytokin, regulace migrace a infiltrace
monocytt/makrofagi

PAI-1 (plasminogen activator
inhibitor 1)

protrombogenni ucinky

RBP 4 (retinol binding protein 4)

regulace hladin retinolu, sniZzeni u¢inki insulinu
(indukce insulinové rezistence)

Rezistin

snizeni insulinové senzitivity, u€ast v regulaci zanétu

TGF-p (transforming growth
factor beta)

rustovy faktor

TNF-a (tumor necrosis factor
alpha)

prozanétlivy cytokin, snizeni insulinové senzitivity

Visfatin

insulin-mimeticky efekt

Hladiny leptinu (z fectiny leptos = tenky) pozitivné koreluji s obsahem tuku v organismu —
u Stihlych jedinci jsou snizeny, u obéznich zvySeny. Leptin informuje centrum sytosti
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v hypotalamu o stavu tukovych zdsob v organismu, ¢imz zplsobuje omezeni piijmu
potravy a stimuluje energeticky vydej. Snizeni jeho hladiny u malnutri¢nich stavl vede
k Setfeni energie umoznujici pfeziti pii nedostatecném piivodu energie. Velmi vzacné
uplné chybéni leptinu disledkem mutace vede u lidi k morbidni obezité.

Adiponektin je latka s protizanétlivym tc¢inkem. Hladina adiponektinu negativné koreluje
s obsahem tuku v organismu. Adiponektin reguluje energetickou homeostazu, glukézovy a
lipidovy metabolismus, stimuluje ucinek insulinu a zvySuje oxidaci mastnych kyselin. V
jatrech redukuje produkci glukdzy, snizuje endotelidlni dysfunkci a zvySuje utilizaci
mastnych kyselin tim, Ze se podili na jejich oxidaci a vyuziti jako zdroje energie.
Adiponektin mé zfejmé klicovou tlohu ve vzajemném vztahu mezi obezitou a DM2T a
insulinovou rezistenci [Haluzik et al., 2010].

Rezistin je hormon, pojmenovany po své schopnosti indukovat insulinovou rezistenci. Tato
jeho vlastnost byla vSak zaznamenana prozatim pouze u mysi. U obéznich lidi je rezistin
zvySeny a pozitivné koreluje se zvySenou adipozitou a zdnétem.

Visfatin je produkovany makrofagy tukové tkan€. ZvySené hladiny visfatinu jsou popsany
u nadvéhy, obezity, DM2T a metabolického syndromu [Simjak et al., 2018]. Zvysuje
lipogenezi a diferenciaci adipocytll, ¢imz zvysuje jejich depozitni schopnost.

Interleukin 6 inhibuje insulinovy receptor a zvysuje lipolyzu pii zatézi.

TNF-a je proinflamac¢nim cytokinem produkovanym adipocyty u obéznich. V experimentu
jeho neutralizace vyznamné zlepSuje insulinovou senzitivitu. Zaroveh ma tumorigenni
potencial [Hainer, 2011].

V posledni dob¢ se tukova tkan zkouma 1 jako misto akumulace xenobiotickych latek —
Ikt a toxickych lipofilnich latek. Protoze tukova tkan je endokrinni organ, ktery
produkuje a reaguje na hormony, mlize byt tato jeji funkce narusSena chemickymi latkami
v prostiedi, které normalni endokrinni funkce napodobuji nebo blokuji, tzv. endokrinnimi
disruptory (viz kapitola 1.4.1.) [Miillerova a Kopecky, 2007; Heindel et al., 2015].

1.2.3 Typy tukové tkané

U savcll mohou byt identifikovany dva hlavni typy tukové tkang, obycejné klasifikované
podle svého barevného vzhledu: bila a hnéda (obrazek 3). Obé maji endokrinni vlastnosti,
ale jejich funkce se lisi. Bila tukova tkan lipidy uchovava, hnéda je spotiebovava pro
termogenezi. Navzdory témto protichidnym funkcim sdileji schopnost vzajemné
reverzibilni transdiferenciace k feSeni zvlastnich fyziologickych potieb [Cinti, 2018]. Tak
byla identifikovdna jest¢ bézova (beige adipose tissue - bAT) a rizova tukova tkan
[Valencak et al., 2017].
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Obrazek 3 — Hlavni morfologické charakteristiky bilych, hnédych a bézovych
adipocyti,
upraveno dle [Cedikova et al., 2016]
Legenda: (modré = jadro; hnéda = mitochondrie; Zlutd = tukové kapénky)

Bila tukova tkan je zapojend hlavné ve skladovani a mobilizaci energie. Jeji bunky maji
sféricky tvar a v periferii umisténé zplostélé jadro. Zbytek buiky je vyplnén tukovou
kapénkou a okolo se nachazejicim tenkym prouzkem cytoplazmy s malym poctem
mitochondrii a hladkym endoplazmatickym retikulem (ER). Tento typ tukové tkané se u
savcl vyskytuje po celém téle. RozliSujeme typ podkozni a intraabdominalni (visceralni).
Intraabdominalni tuk obsahuje retroperitonedlni, omentalni, mezenterické, epikardické a
gonadalni ulozisté. Hmotnost WAT obvykle ptedstavuje az 20 % télesné hmotnosti
normalniho dospélého cClovéka a v prvni fadé pusobi jako ulozni misto pro TG
uchovavanim ptebyte¢nych kalorii pro pouziti v dob& nedostatku. Bilé adipocyty pfispiva;ji
k izolaci celého téla a jejich endokrinni funkce souviseji se stupném obezity a insulinovou
senzitivitou.

Hnéda tukova tkan je termogennim organem. Je odpovédna za netfesovou termogenezi,
ktera je dilezitd zejména béhem hibernace, a pro malé zivoCichy a déti, ktefi maji vétsi
pozadavky na termogenezi zdGvodu vétsiho poméru povrch:objem. BAT muze
produkovat okolo 300 W/kg tepla ve srovnani s 1 W/kg ve vSech ostatnich tkanich. Hnédy
adipocyt je obvykle menSi nez buiky WAT, jeho tvar je elipticky s kruhovym nebo
ovalnym jadrem situovanym centralné. Objem cytoplazmy je velky, obsahujici mnoho
malych tukovych kapének a velké mnozstvi vétSich mitochondrii nez ma WAT.

Lidé maji pomérné velké zasoby BAT v kojeneckém véku a jen malé mnozstvi rozptylené
BAT pretrvava do dospélosti. Klasicky hnédy tuk je rozsifen predev§im v interskapularnim
prostoru, paravertebraln¢, axilarné a perirenalné. Neddvné studie potvrdily pfitomnost
aktivni BAT obsahujici klasické hnédé 1 bézové adipocyty u dospélych lidi, s uloZzenim
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v cervikalni, supraklavikularni, mediastinni, paravertebrdlni a suprarendlni oblasti
[Cedikova et al., 2016].

Bézovymi adipocyty jsou nazyvany hnédé adipocyty vyskytujici se po termogenni
stimulaci v anatomickych mistech odpovidajicich WAT. Vznikaji zfejmé znove
diferencovanych adipocytd anebo z bilych adipocytii jejich transdiferenciaci. Tento proces
se nazyva hnédnuti tukové tkang.

Bézové adipocyty maji smiSené vlastnosti obou — bilych 1 hnédych adipocytt. V bazalnim
stavu vykazuji unilokularni morfologii jako bily adipocyt, ale po stimulaci chladem jejich
vzhled ziskava rysy prechodné morfologie, ktera nakonec vyusti v expresi protein
typickych pro BAT a transformaci skladovaného tuku do malych tukovych kapének
charakteristickych pro hnédé adipocyty.

V soucasnosti je za fyziologicky stimul pro aktivitu BAT povazovano také fyzické cvicenti,
které podporuje modifikaci bilého tuku na hnédy prostfednictvim spusténi genové exprese
uncoupling proteinii (UCP). Tyto geny jsou situovany na vnitini membrané mitochondrii a
jejich vyznam spociva v odprahovani dychaciho fetézce od syntézy ATP, coz se projevuje
uvolnénim energie ve formé tepla. Porozuméni témto biologickym procesiim a stimulace
aktivity hnédych a bézovych adipocyti by mohlo také pomoci s bojem proti obezité,
potencialng se sniZenim télesné hmotnosti, a zlepsit tak metabolické zdravi [Cedikova et
al., 2016].

Pritomnost rtzové tukové tkané¢ v savéim organismu je véazana na ZzZenské pohlavi
[Valencak et al., 2017]. Jde o alveolarni Zlazy, které se tvofi z bilych adipocytli v podkozi
prst béhem téhotenstvi a laktace. Rtizové adipocyty obsahuji ¢etné cytoplazmatické lipidy,
které jsou vyuzivany pii tvorb&é mléka. V postlaktacnim obdobi se méni zase do WAT
[Cinti, 2018].

1.2.4 Role mitochondrie v adipocytu

Mitochondrie jsou subceluldrni semiautonomni bunécné organely vSech eukaryotickych
zivociSnych buné€k kromé dospélych erytrocytt s vlastni mitochondridlni DNA (mtDNA).
Jedna se o dynamické struktury, které v buiice vytvafi tzv. mitochondridlni sit’ [Simula a
Campello, 2018]. Skladaji se ze ctyf kompartmentl — vnéj§i membrany,
mezimembranového prostoru, vnitini membrany a na proteiny bohaté matrix. Probihaji
v nich rizné metabolické procesy.

Primarni funkci mitochondrie je produkce energie ve form¢e adenosintrifosfatu (ATP) skrze
proces oxidativni fosforylace v dychacim fetézci nachdzejicim se na vnitini
mitochondrialni membrané. Jsou zapojeny do klicovych metabolickych procesti vcetné
cyklu trikarboxylovych kyselin a dekarboxylace pyruvatu (Krebstv cyklus), oxidativni
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dekarboxylace mastnych kyselin (B-oxidace), a degradace rozvétvenych aminokyselin,
proto neni ptekvapujici, ze jejich naruSena aktivita mé Casto souvislost s metabolismem a
diferenciaci adipocyti. Mezi dal§i vyznamné funkce mitochondrie patii jeji tloha ve
stresové odpoveédi ¢i apoptoze.

Mitochondrie jsou tedy nezbytné pro udrzeni normélnich fyziologickych funkci bunék
mnoha tkéani, véetn¢ srde¢ni a kosterni svaloviny, mozku, jater a tukové tkané. Jejich
dysfunkce muize zplsobit patologické zmény v lidském téle. Pocet mitochondrii a jejich
morfologie je v eukaryotickych buiikdch regulovan jako adaptivni odpovéd na rtzné
podnéty z okoli (napt. bunécny rust, smrt a diferenciace, nebo modifikace v energetické
naro¢nosti).

Vady v mitochondrialni lipogenezi a lipolyze, regulace diferenciace adipocytl, apoptozy,
produkce reaktivnich kyslikovych radikal, ucinnost oxidativni fosforylace a regulace
konverze bilych adipocyti do béZovych adipocyti mohou hrat dilezitou roli ve vyvoji
obezity.

Mitochondrie WAT exprimuji proteiny, které podporuji anabolickou lipogenni funkci, ale
také degraduji xenobiotika a endogenni molekuly, coz ukazuje také ochrannou tlohu této
tkané. Jsou tedy diilezité pro regulaci celé energetické homeostaze téla, v signalizaci mezi
tukovou tkani a pruhovanym svalstvem nebo v kontrole insulinové senzitivity a
metabolismem glukozy.

Mitochondrialni dysfunkce muaze byt disledkem poklesu biogeneze mitochondrii,
zmenseni jejich velikosti, anebo snizeni obsahu proteinti a aktivity oxidativnich proteinti
mitochondrii. Hlavni tkdn¢ postizené mitochondridlni dysfunkci jsou ty s vyssi
energetickou naro¢nosti, jako je srdce, svaly, mozek a endokrinni zl4zy.

Mezi dulezité faktory pfispivajici k mitochondridlnim porucham v tukové tkani jsou
oxida¢ni stres, insulinova rezistence, genetické faktory a také sedavy Zivotni styl bez
pohybové aktivity. Jsou dostatecné dikazy, ze jakékoliv poSkozeni mitochondrialniho
dychaciho ftetézce vede ke =zhorSeni diferenciace adipocyti. Vysoké koncentrace
mitochondridlnich reaktivnich kyslikovych radikald uvolfovanych dychacim fetézcem
maji také Skodlivy vliv na proliferaci a diferenciaci adipoblastd.

Zmény v lidském chovéani a Zivotnim stylu v poslednim stoleti mély za nasledek
celosvétové dramatické zvySeni incidence diabetes mellitus 2. typu (DM2T) a obezity.
Sedavy zptlisob Zivota, zmény v préci (z t€Zké prace na sedavou) mély dopad na lidské
zdravi. Fyzick4 aktivita je dilezitym regulatorem mitochondridlnich funkci ve svalovych
bunikdch a dlouhodoba neaktivita je asociovana sredukovanou funkci a poctem
mitochondrii [Cedikova et al., 2016].
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1.3 Tukova kapénka

Tukové kapénky, dlouho povazované za pasivni rezervoar zasobni energie ve formé lipidu,
maji ve skutecnosti nenahraditelnou roli v mnohych fyziologickych a patofyziologickych
pochodech. Vzhledem k zvySujici se prevalenci obezity, DM2T a dalSich slozek
kardiometabolického syndromu, nadorovych a neurodegenerativnich onemocnéni, kde by
pochopeni fyziologickych funkci a procest uvnitt tukové kapénky mohlo pfispét k jejich
1é¢bée, se tukové kapénky v soucasnosti dostavaji do poptedi zajmu vyzkumu [Fujimoto a
Parton, 2011].

Jsou pfitomné ve vét§ing bunék, kde jsou potiebné pro metabolismus lipidl a energetickou
homeostazu. Jednd se o dynamické organely, které jsou heterogenni ve struktufe,
chemickém slozeni a tkailovém rozlozeni. V proménlivém poctu a velikosti se nachazeji
v mnoha riiznych typech eukaryotickych buné¢k (tabulka 4, obrazek 4).

Jejich hlavni funkci je skladovani tukd ve formé hydrofobnich TG, na coz jsou nejvice
specializované buiiky bilé tukové tkané. Schopnost skladovat energii je pro organismy
evolu¢ni vyhodou.
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Tabulka 4 - Priklady vyskytu tukovych kapének a jejich funkce v riiznych

bunéénych typech
[Dvorakova et al., 2018]

Bunécény typ

Funkce tukové kapénky

Adipocyt [Fujimoto a Parton, 2011]
Hepatocyt [Carr a Ahima, 2015]
Kardiomyocyt [Wang et al., 2013]

Myocyt kosterni svaloviny [Bosma, 2016]

energeticka zasoba, udrzovani
homeostaze, ukladani
nadbyte¢nych tuki jako ochrana
proti lipotoxicité

Itova burika v jatrech [Puche et al., 2013]

skladovani vitaminti rozpustnych
v tucich (vitamin A)

Bunky zony fasciculata v kiife nadledvin
[Tachibana et al, 2016]

skladovani esterti cholesterolu a
dalsich prekurzorii pro syntézu
glukokortikoidf

Leydigovy bunky varlat [Shen et al., 2016]

Bunky theca interna vaje¢niki [Shen et al.,
2016]

Bunky corpus luteum [Niswender, 2002]

skladovani esterti cholesterolu pro
syntézu steroidnich hormoni

Chondrocyt [Mansfield et al., 2013]

ukladdani nenasycenych mastnych
kyselin — energetick4 zasoba

Sebocyt [Schneider et al., 2016]

sekrecni, udrzovani permeability
koZni bariéry

Epitelialni buniky alveol mlééné zlazy (tzv.
ruzovy adipocyt) [Russell et al., 2011]

sekre¢ni, tvorba mléka

Vajec¢na buiika zivocichti [Welte, 2009]

energeticky zdroj pro
embryogenezi

Makrofag [Welte, 2015]

fizeni lipidové signalizace, cil
utoku patogenti

Pneumocyt II. typu [Castranova et al., 1988]

sekrecni, tvorba surfaktantu

Enterocyt [Beilstein et al., 2016]

ptechodné uloZeni lipidi pii
absorpci z potravy, cil atoku
patogend, napf. rotaviri a
enterovirl
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Obrazek 4 - Tukové kapénky v ruznych bunécénych typech
[Dvorakova et al., 2018]

Legenda: 4A Adipocyty bilého tukového vaziva glandula parotis. Velka tukova kapénka
vypliuje témér celou buiku (,,prazdné* prostory uvnit buiiky). Jadro a ostatni organely
jsou umistény excentricky na okraji buiiky a spolecné s izkym lemem cytoplazmy
vytvareji na béznych histologickych preparatech tvar pecetniho prstenu. 4B Multilokularni
adipocyty hnédé tukové tkané obsahujici velké mnozstvi tukovych kapének mensSich
rozmérd. 4C Sebocyty - mazové zlazy klze s holokrinnim zptisobem sekrece. Obsahuji
velké mnozstvi mensich tukovych kapének, jejichz nahromadéni postupné vede k poruseni
cytoplazmatické membrany, a tak k jejich uvolnéni spole¢né s bunéénym obsahem —
koznim mazem (sebum). 4D Epitelové bunky zona fasciculata kiry nadledvin uspotradané
do podlouhlych provazcti obsahuji velké mnozstvi tukovych kapének. 4E Mlécna zlaza
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v laktaénim obdobi s apokrinnim zpiisobem sekrece. Svétlé galaktocyty vyskytujici se
v sekrec¢nich alveolech mlécéné zldzy hromadi v apikalni ¢asti cytoplazmy tukové kapénky,
které se spolecné s tenkou vrstvou apikalni cytoplazmy uvoliuji do mléka. 4F Granul6za-
luteinni bunlky corpus luteum vajecniku s pénitou (vakuolizovanou) cytoplazmou, jejiz
vzhled je podminén mnozstvim tukovych kapének. (Foceno imerznim objektivem se
zvetsenim 100x. Méritka = 10 um. Preparaty barveny hematoxylinem a eosinem.)

1.3.1 Struktura tukové kapénky

Tukové kapénky (obrazek 5) maji kulovity tvar. Mohou se seskupovat do hroznovitych
struktur [Penno et al., 2013]. Jejich primér se pohybuje v rozmezi od 0,1 — 5 um u
netukovych buné€k, u bilych adipocytli pak mohou dosahovat velikosti vétsi nez 100 um
[Fujimoto et al, 2008].

Fosfolipidy
4 )
hydrofilni ¢ast
(fosfat+glycerol)

hydrofobni &ast

Steroly
' (mastné kyseliny)

. 4

Perilipin

Obrazek 5 - Struktura tukové kapénky,
upraveno dle [Farese a Walther, 2009]

Legenda: V monovrstvé na povrchu jsou casteéné polarni (amfipatické) fosfolipidy a
steroly. V hydrofobnim centru jsou uskladnény TG a estery cholesterolu. Na povrchu
tukové kapénky jsou rGizné proteiny syntetizujici neutralni lipidy (napt. DGAT?2) a proteiny
skupiny PAT fidici ukladani a vyuziti tukd (napft. perilipin).

Tukové kapénky jsou tvofeny hydrofobnim jaddrem z neutrdlnich lipidi pokrytych
monomolekuldrni fosfolipidovou vrstvou. Ta je tvofena vice druhy fosfolipidovych
molekul [Penno et al., 2013]. Nejhojné&ji je zastoupen fosfatidylcholin, v menSim mnoZstvi
je  mnalézan  fosfatidylethanolamin,  fosfatidylinositol,  lysofosfatidylcholin  a
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lysofosfatidylethanolamin. Dale mohou byt ve fosfolipidové membrané identifikovany
amfifilni proteiny (mj. perilipiny v tukovych buiikach a bunkach produkujicich steroidni
hormony). RovnéZz se zde miize nachazet volny cholesterol, ktery se pravdépodobné
vyskytuje 1 uvnitt tukové kapénky [Fujimoto a Parton, 2011].

K povrchu tukové kapénky jsou ptichyceny specifické proteiny, kterych mtize byt 50 —
200. Mnohé znich se ucastni metabolismu lipida. Jejich spektrum se miize liSit mezi
tukovymi  kapénkami rGznych velikosti nebo rizného lipidového  sloZeni.
Monomolekularni vrstva je velmi diilezitd pro regulaci velikosti tukové kapénky a pro jeji
schopnost komunikovat a interagovat s ostatnimi tukovymi kapénkami nebo organelami,
napt. s ER a mitochondriemi [Wilfling et al., 2014].

Uvniti tukové kapénky se rovnéZ nachézeji proteiny. Hydrofilni proteiny pravdépodobné
samy v kapénce neexistuji, ale amfifilni proteiny se mohou sklédat s fosfolipidy a vytvaret
tak struktury kompatibilni s hydrofobnim prostfedim [Fujimoto a Parton, 2011]. Jedna se
naptiklad o proteiny ze skupiny perilipind, tj. tail-interacting protein (TIP47) a adipofilin
(ADRP), u nichz se ptredpokladd zapojeni i do nitrobunécného metabolismu lipidi
[Robenek et al., 2005].

V tukové kapénce se stfadaji neutralni tuky — TG a estery cholesterolu. V bilych
adipocytech jsou ulozeny ptevazné TG, ale ve vétSiné ostatnich bunéénych typt koexistuji
TG a estery cholesterolu v riznych pomérech [Czabany et al., 2008].

1.3.2 Biogeneze tukové kapénky

Proces tvorby tukovych kapének (lipogeneze) probiha bud’ de novo nebo mohou byt
tukové kapénky odvozeny od jiz existujicich kapének délenim [Fujimoto a Parton, 2011].
Uptednostiiovany proces vzniku de novo probihd ve tfech fazich. Nejprve dochazi
k syntéze neutralnich lipidd, pak k jejich akumulaci a vzniku c¢o€kovité formace a nakonec
k odskrceni tukové kapénky z ER smérem do cytosolu [Wilfling et al., 2014].

Neutralni lipidy jsou syntetizovany izoformami enzymil vazanych v membrané ER, a to
acyl-CoA:diacylglycerol acyltransferazami (DGAT1, DGAT2) a acyl-CoA:cholesterol
acyltransferdzami (ACAT1, ACAT2) [Wilfling et al., 2014].

Vzniklé lipidy se akumuluji v hladkém ER na mistech oddélenych od syntetizacnich
enzyml. Po nahromadéni ur¢it¢tho mnoZstvi a piekroceni konkrétniho prahu se v ER
vytvoii tukové Cocky, které se vyklenuji smérem do cytoplazmy. Tomu, aby se tukova
kapénka vytvotila smérem do lumen ER, brani protein FIT2 [Chen a Goodman, 2017].

Nad urcitou velikost, v zavislosti na fosfolipidovém slozeni, jsou cockovité formace tukti
v ER nestabilni a mechanismem podobnym odskrceni dochazi k jejich uvolnéni. Nejmensi
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zralé cytosolické tukové kapénky maji primér v rozsahu 250 — 500 nm, ale neni
vylouc€eno, zZe rodici se kapénky mohou byt i mensi nez 100 nm.

Do vyvoje vznikajicich tukovych kapének jsou zapojeny i nékteré proteiny, které mohou
stabilizovat nebo zlepSovat pocate¢ni konvexni zakfiveni kapének. Tuto funkci ziejmé
zastava TIP47 ze skupiny perilipinli, ktery je povazovan za hlavni regulacni protein
[Hashemi a Goodman, 2015]. Nicméné se predpokladd, ze tvorba kapének mize probihat
spontann¢, pricemz proteiny ji mohou pouze usnadiovat nebo regulovat [Wilfling et al.,
2014].

Dals§imi proteiny ucastnicimi se vzniku tukovych kapének jsou napi. seipin (BSCL2,
Berardinelli-Seip congenital lipodystrophy), lipiny a transmembrdnové proteiny
vyvolavajici ukladani tuku (FIT1/FITM1 a FIT2/FITM2). Seipin je regulator katabolismu
o protein ER, jehoZ nedostatek dramaticky snizuje pocet a velikost tukovych kapének
[Wilfling et al., 2014]. Pii absenci seipinu je formovani tukovych kapének zpozdéné.
Dochazi k akumulaci neutralnich lipidi v ER, ¢imz se mohou dostat na nevhodna mista,
napft. do jadra. Mutace seipinu vedou k n¢kterym lipodystrofiim.

Lipiny jsou v sav€ich buiikach exprimovany v péti izoformach. Jsou nutné k zabranéni
velké akumulace neutralnich lipidd v ER [Hashemi a Goodman, 2015]. FIT1 je primarné
exprimovan v kosternim svalstvu a FIT2 v tukové tkani. Tyto proteiny nesyntetizuji TG,
ale nejspise je rozdé€luji do vznikajicich tukovych kapének [Gross et al., 2011].

1.3.3 Rust tukové kapénky

Tukové kapénky jsou schopné ménit sviij pocet a velikost v zavislosti na potfebach buiky.
Proto je jejich velikost v maturovanych buiikéch riizna a zavisi na konkrétnim bunécném
typu a na metabolickych podminkach uvniti buniky. Nejvétsi tukové kapénky nachazime
v adipocytech WAT, jejichz velké unilokularni tukové kapénky pfedstavuji nejefektivné;si
ulozeni energie. Tvorba unilokularnich kapének je podporovand proteiny skupiny CIDE
(cell death-inducing DFF45-like effector). Jsou lokalizované ptedevSim na kontaktnich
mistech mezi kapénkami, kde usnadiiuji pfenos lipidii z menSich kapének na vétsi. Jejich
nedostatek tvorbé unilokularnich kapének brani a naopak nadmérna exprese indukuje vznik
vétSich tukovych kapének o mensim mnozstvi [Schuldiner a Bohnert, 2017].

Velké tukové kapénky vznikaji dvéma mechanismy, bud rhstem, nebo vzijemnym
spojovanim (fuzi) malych tukovych kapének ve vétsi. Rust tukovych kapének probiha
pfidavanim neutrdlnich lipid do hydrofobniho centra a polarnich lipida (fosfolipidi a
sterolll) na jejich povrch [Boschi et al., 2015].

Vzijemna fuze je zavisla na mikrotubulech a molekularnich motorech, jako jsou dynein a
kinesin. Podileji se na ni proteiny SNARE (SNAP receptory), dile SNAP23
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(synaptosomal-associated protein), syntaxin-5 a VAMP4 (vesicle-associated membrane
protein 4). Mutaci genl pro tyto proteiny se snizuje rychlost fuze a velikost tukovych
kapének [Bostrom et al., 2007].

1.3.4 Rozpad a zanik tukové kapénky

V kontrastu procesu rustu tukovych kapének byl v adipocytech po silné lipolytické
stimulaci pozorovan rovnéz proces jejich Stépeni. Ten je charakteristicky fragmentaci
tukové kapénky na velké mnozstvi malych dispergovanych kapének. Zvyseni poctu, a tak
také zvétSeni povrchu kapének, je nezbytné pro umoznéni pfistupu lipazy k jadru
tvofenému TG. Lipidy uvolnéné pii tomto procesu mohou byt buikou vyuzity pro
metabolismus, ale i k tvorbé novych tukovych kapének [Boschi et al., 2015].

Vyuziti neutralnich lipidd z kapének se také i€astni hormondlné fizeny autofagni proces
nazvany lipofagie. Pfi lipofagii obali tukovou kapénku dvojitd membrana, vytvoii se
autofagozom, ktery pfedchazi fuzi s lysozomem (makroautofagie, pfitomno u savcl) anebo
je kapénka pohlcena lysozomem rovnou (mikroautofagie, pfitomno u kvasinek) [Hashemi
a Goodman, 2015]. Degradace tukovych kapének autofagii hraje zasadni roli pfi mobilizaci
volnych mastnych kyselin pro metabolismus, udrzovéni lipidové homeostdze v tukovych
kapénkéch, ale také pti adaptaci buiiky na lipidovou nerovnovéahu pii hladovéni [Garcia et
al., 2018].

Zivotni cyklus tukové kapénky je schematicky zndzornén na obrazku 6.
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Obrizek 6 - Zivotni cyklus tukové kapénky,
upraveno dle [Hashemi a Goodman, 2015]

Legenda: 6A — Biogeneze tukové kapénky. Na membrané¢ ER dochazi k syntéze
neutralnich lipidd, tukova kapénka puci a odskrcuje se smérem do cytosolu buiky. 6B —
Riust tukové kapénky pfidavanim neutrdlnich lipidd do hydrofobniho jadra a vzajemnou
fuzi razné velkych kapének. Ukladani v tukové tkani. 6C — Rozpad a zanik tukoveé
kapénky. Tukova kapénka se po lipolytické stimulaci $tépi na mnozstvi dispergovanych
kapének. Cast t&chto kapének je vyuZita pro metabolismus, dalii se vraceji do procesu
tvorby novych tukovych kapének. Degradace tukovych kapének probihd také autofagii
(lipofagie). U savci vznikd autofagozom tak, Ze je tukovd kapénka nejprve obalena
dvojitou membranou a pak pohlcena lysozomem (makrolipofagie), u kvasinek je tukova
kapénka pohlcena rovnou (mikrolipofagie).

1.3.5 Skupina PAT proteinu
V uklddani a vyuziti tukl v tukovych kapénkach maji hlavni regulaéni roli PAT proteiny
umisténé na povrchu tukové kapénky (tabulka 5). Tato skupina proteini je pojmenovana

podle prvniho pismene prvnich tfi ¢lent.

Lisi se od sebe velikosti, tkanovou expresi, afinitou k tukovym kapénkdm, stabilitou a
transkrip¢ni regulaci. Tyto rozdily zpiisobuji, Ze kazdy z PAT proteinit ma odliSné bunécné
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funkce, ale vSechny pravdépodobné reguluji rozhrani mezi tukovymi kapénkami a
bunéénym prostiedim, fidi ptistup lipaz k lipidim uvnitt jadra a rovnéz se mohou ucastnit
bunécnych procest dulezitych pro biogenezi kapének [Bickel et al., 2009].
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Tabulka S - PAT proteiny
upraveno dle [Bickel et al., 2009; Kimmel et al., 2010; Wang et al., 2013; Han et al.,

2018]

Zkratka protein
kodujiciho genu

DalSi nazvy

Funkce

perilipin 1;

idi (omezuje i usnadiuje) piistup lipaz ke
kapénce; marker adipocytarni

PLINI u savel 3 izoformy (A, | diferenciace
B, C)
podili se na vyvoji tukové tkané, fizenim
i 5 adinofili ukladani lipidt; vyskyt rovnéz u
PETTipIn 2> adipottin, fibroblastii, endotelovych a epitelovych
PLIN? ADRP - adipose l;unel; }(lmleina zl.aza, airevnkalmllfura,
differentiation-related ertoliho .a e?, 1govy. ufiky), hep ato'cyty
. u alkoholické jaterni cirhdzy — slouzi jako
protein . o o
marker akumulace lipida v riznych
typech bunék u riznych onemocnéni
o podili se na tvorb¢ tukovych kapének;
perilipin 3; Y1
potiebny pro transport endosomu do
PLIN3 TIP47 - tail-interacting Golglhg aparatu; vyrazn€ exprimovan
. v rakovin€ délozniho ¢ipku (novy
protein .
biomarker)
vyskyt na povrchu tukovych kapének
adipocytl a bun¢k srde¢niho a kosterniho
PLIN4 perilipin 4; S3-12 svalstva; podili se na akumulaci lipida
v srdci (role v patologickych
degenerativnich podminkach)
PLINS perilipin 5; OXPAT chrani tukové kapénky pted lipolytickou

degradaci
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1.3.6 Funkce tukovych kapének

Vsechny funkce tukovych kapének jsou dany jejich unikatni strukturou [Murphy et al.,
2009; Tauchi-Sato et al., 2002; Walther a Farese, 2009]. Hlavni funkci je skladovani lipidi
a to v adipocytech i v neadipocytarnich buiikach. Skladované lipidy slouZzi jako energeticka
zasoba a to nejen pro vlastni intracelularni potiebu, ale poskytuji i energetickou rezervu
ostatnim tkdnim. Jsou mobilizovany pro B-oxidaci, biogenezi membran, posttranslacni
modifikaci proteinti, syntézu lipoproteinti, steroidl, signdlnich lipidd, jinych lipidovych
mediatord. Slouzi jako rezervoar rGznych proteind, véetné transkripénich faktorti a
komponent chromatinu, a také se v nich ukladaji vitaminy rozpustné v tucich [Puche et al.,
2013].

Klicovymi enzymy zapojenymi v intracelularni degradaci TG v adipocytech 1
v neadipocytarnich buiikach jsou adipocytarni triglyceridova lipaza (ATGL) a hormon-
senzitivni lipaza (LIPE neboli HSL) [Morak et al., 2012].

Lipidové kapénky rovnéz chrani bunky pfed toxickym ucinkem volnych mastnych kyselin.
Ty mohou ohrozit integritu membrany, ale esterifikaci do neutrdlnich TG se stavaji
stabilnimi a neSkodnymi [Welte, 2015].

Kromé béznych funkei souvisejicich se skladovanim lipid nebo jejich metabolismem jsou
tukové kapénky zapojeny i1 do dalSich dulezitych procest v buiice, i takovych, které se
pfimo k lipidovému metabolismu nevztahuji, a které jsou Casto spojené s patologickymi
stavy [Murphy et al., 2009]. Tukové kapénky jsou diilezité pro replikaci a Zivotni cyklus
viri a jinych intraceluldrnich patogenti [Roingeard a Melo, 2017]. Mezi patogeny
vyuzivajici tukové kapénky pro svoji proliferaci a preziti patii naptiklad Chlamydia
trachomatis a virus hepatitidy C [Fujimoto a Parton, 2011].

Vyznamné pro vznik metabolickych onemocnéni je rovnéZ uskladnéni perzistentnich
organickych polutanti (POP) v tukovych kapénkach adipocyti. Jednd se o latky jako
organochlorované pesticidy, bifenyly, dioxiny a dibenzofurany, bromované zpomalovace
hoteni a dalsi (viz kapitola 1.4.3). Jsou to latky lipofilni, bioakumulativni, do lidského téla
se dostavaji hlavné Zivo¢isnou tucnou potravou. Radime je mezi tzv. endokrinni
disruptory, protoZze poskozuji embryonalni vyvoj a reprodukéni schopnosti a podileji se na
vzniku obezity a jejich komplikaci, zejména rozvoji DM2T [Miillerova et al., 2017].

Je znamo, Ze tukové kapénky hraji dileZitou roli 1 v imunitnim systému. Jsou mistem
syntézy eikosanoidi, signalnich lipidl ovliviiujicich napt. zadnét, bolest a kontrakce hladké
svaloviny. Pro jejich syntézu je prekurzorem kyselina arachidonovéa [Bozza a Viola, 2010].
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1.3.7 Patologické stavy spojené s tukovymi kapénkami

S nedostatkem nebo naopak nadbytkem tukovych kapének v buiice je spojena celd tada
onemocnéni (tabulka 6). Pochopeni mechanismi, které se v kapénkach odehravaji, miize
osvétlit fadu patologickych stavii a poskytnout ptilezitost k jejich 1écbé [Krahmer et al.,

2013].

Tabulka 6 - Patologické stavy asociované s dysfunkci tukovych kapének,
upraveno dle [Krahmer et al., 2013; Welte, 2015; Tirinato et al., 2015; Abramczyk et
al., 2015; Bizzari et al., 2017]

Onemocnéni Piitomnost a role tukové kapénky
) nedostatek bilé tukové tkané zpiisobeny genetickym
Lipodystrofie e p , y,g’ Y
defektem, akumulace lipidi v jinych tkanich
) ztrata tukové tkané pii nadorovém onemocnéni
Kachexie

zvySenou lipolyzou

Chanarin-Dorfmantv syndrom
(ichty6za) a myopatie

geneticka porucha, deficit degradace TG, akumulace
tukd v jinych tkénich

Obezita, metabolicky syndrom

prekrocCeni kapacity tukové tkan€, nadmérné
zmnozeni tukovych kapének, hypertrofie adipocytu,

a diabetes porucha hormonalni funkce tukové tkan¢, akumulace
tuku i v jinych tkénich
.. akumulace tukovych kapének v hepatocytech
SteatOza jater

(obrazek 7A)

Kardiovaskularni onemocnéni

piekroceni kapacity tukovych kapének pénovych
bunck (makrofagi) stfadajicich estery cholesterolu
(obrazek 7B)

Onemocnéni nervového
systému

hromadéni tukovych kapének v gliich pii
neurodegeneraci, mutace genll ucastnicich se
biologickych procest v tukovych kapénkéach

Nadorova onemocnéni

zvySené mnozstvi tukovych kapének u bun¢k
agresivnéjsich nadord
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Obrizek 7 - Histologicky obraz tkani u patologickych stavii spojenych s tukovymi
kapénkami
[Dvorakova et al., 2018]

Legenda: 7A — Jatra prasete domaciho s obrazem jaterni steatézy s nahromadénim
tukovych kapének v cytoplasmé hepatocyti. 7B — Preparat karotidy mysSi
s aterosklerotickym platem stadia II histologické klasifikace. V subendotelové vrstveé
vaziva se nachazeji velké pénové bunky — mnohojaderné makrofagy s nahromadénim
tukovych kapének (Sipka).
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1.4 Obezogeny
1.4.1 Hypotéza obezogent

Vyskyt obezity a onemocnéni s ni souvisejicich jiz dosahuje epidemickych rozméra. Jako
hlavni pfi¢ina bylo kromé nadmérného piijmu potravin a nedostatku fyzické aktivity
identifikovano genetické pozadi. Avsak tyto podminky samy o sob¢ nevysvétluji vSechny
pficiny vzniku obezity, DM2T a dalSich metabolickych onemocnéni, coz vedlo k hypotéze,
zZe se jich ucastni jeste dalsi slozky [Muscogiuri et al., 2017].

Po druh¢ svétové valce doslo k prudkému rozvoji primyslu, coz mélo za nasledek velké
zneCisténi zivotniho prostiedi [Yang et al., 2017]. Postupné se zacaly objevovat informace
o latkach, které mohou naruSovat energetickou rovnovdhu ve prospéch piibirdni na
hmotnosti a vzniku obezity u exponovanych jedincti. Tyto chemické latky poSkozujici
metabolické procesy a zasahujici do hormonalnich funkci byly nazvany endokrinni
disruptory neboli obezogeny ¢i diabetogeny [Griin a Blumberg, 2006].

Lidskéd populace je obezogenim denn¢ vystavena ve vné&jSim i vnitinim prostiedi. Tyto
latky jsou pouzivany jako soucédsti mnoha produktd (pfipravky na ochranu rostlin,
primyslové vyrobky a vyrobky pro domécnost, plasty, detergenty, zpomalovace hoteni a
ptipravky osobni hygieny). Cinnosti ¢lovéka se dostaly do vody, ptidy a potravin.

Obezogeny zpusobuji zvysenou adipogenezi a vétsi ukladani tuku v tukovych buikach.
Nepiimo pusobi také na slozeni stfevni mikroflory, bazalni metabolismus a hormonalni
kontrolu chuti k jidlu a pocitl sytosti. Mimoiadné znepokojujici je, Ze expozice témto
latkdm ma SkodlivEjsi ucinek beéhem nitrod€lozniho vyvoje a v novorozeneckém obdobi
nez expozice v dospélosti [Muscogiuri et al., 2017].

1.4.2 Prehled znamych a pravdépodobnych obezogenii (endokrinnich disruptori)

Endokrinni disruptory jsou definovany jako exogenni latky, které maji neptiznivy
zdravotni efekt v diisledku zmén endokrinnich funkci. Nekteré tyto slouceniny jsou latky
pfirodniho plivodu (rostlinné fytoestrogeny), ale vétSinou jde o syntetické chemické latky,
které se dostaly do Zivotniho prostiedi lidskou ¢innosti bez pfedchozi znalosti jejich u¢inki
na ekosystémy a lidské zdravi [Darbre, 2017].

1) K pfirodnim latkam s obezogennim efektem patii fytoestrogeny a fruktdza:

Fytoestrogeny jsou pfirozené produkovany rostlinami, a tak jsou konzumovany lidmi
v jedlych rostlinnych castech. Latkami s estrogenni aktivitou jsou napiiklad izoflavony
genistein a dadzein, které se nachéazeji v s6jovych bobech, occe a cizrné. Protoze to jsou
vSak latky ptirozené se vyskytujici, jsou jako takové obecné spoleCnosti pozitivnéji
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pfijimany, a ve srovndni s moznymi nepfiznivymi ucinky je zvyraznovana jejich nutri¢ni
hodnota [Darbre, 2017; Newbold et al., 2009].

Fruktéza, monosacharid obsazeny v ovoci a v medu, ovliviiuje vznik obezity vice nez
glukéza. Diky svému odlisnému metabolismu a vysokému lipogennimu potencidlu
umoznuje ukladat nadbyte¢né tuky v jatrech a zvySovat hmotnost visceralni tukové tkané
[Goran et al., 2013]. V posledni dob¢ se hojné¢ pouziva v potravinarském primyslu hlavné
v nealkoholickych napojich a sladkostech a jeji vysokd spotfeba napoméha k naristu
obezity, insulinové rezistence, metabolickych a kardiovaskuldrnich onemocnéni [Tappy,
2018].

2) Mezi syntetické chemické latky s obezogennim efektem fadime nékteré skupiny léku,

aditiva v potravinach, ftalaty, bisfenol A, parabeny a perzistentni organické polutanty
POP):

Léky

Je prokazano, ze nckteré skupiny 1€ki patii mezi latky s endokrinni aktivitou. Je to
zejména diethylstilbestrol (nesteroidni estrogen pouzivany v antikoncep¢nich preparatech),
u n¢hoz je prenatalni expozice spojena s piibyvanim na vaze v dospivani, poskozenim
reprodukénich organt, potraty, rakovinou, neplodnosti a ¢asn€jSi menopauzou [Hatch et
al., 2015].

Mezi léky s témito uCinky fadime i nékteré psychiatrické 1éky jako jsou tricyklicka
antidepresiva [Berken et al., 1984; Fava, 2000] a lithium [Ricken et al., 2016], déale sem
patii i glukokortikoidy, které ovliviiuji metabolismus lipidl a glukézy [Yang et al., 2018],
antiepileptika (kyselina valproova a ji ptfibuzné latky) a antidiabetika (insulin, derivaty
sulfonylurey, thiazolindiony) [Verrotti et al., 2011].

Aditiva v potravinach

U glutamatu sodného bylo prokazano, Ze jeho podavani v ¢asném obdobi po narozeni vede
ke zvySeni poméru tuku k télesné hmotnosti. Pfi studiu jeho G€inku na pokusnych mySich
bylo pozorovano dramatické zvySeni hladiny leptinu, coz miZze vést ke vzniku insulinové
rezistence [Matyskova et al., 2008]. Glutamat sodny ma také neurotoxické ucinky, a
poskozuje signalizaci leptinu a insulinu [Maletinska et al., 2006].

Ftalaty jsou te¢kavé estery kyseliny ftalové, které jsou pouzivany jako rozpoustédla (ftalaty
s niz§i molekularni hmotnosti) a zmékcovadla (ftalaty s vyssi molekuldrni hmotnosti) ke
zvySeni pruznosti, prihlednosti a trvanlivosti plastovych materidli vyrobenych hlavné
z polyvinylchloridu [Darbre, 2017].
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Jedna se o latky, které jsou schopné ovliviiovat produkci testosteronu, folikulostimula¢niho
hormonu (FSH) nebo insulin-like ristového faktoru 3 (IGF-3), ¢imz mohou narusit funkéni
a strukturalni vyvoj muzskych pohlavnich znak a poskodit plodnost [Mréz et al., 2016].

Ftalaty s vyssi molekularni hmotnosti mohou zvySovat riziko vzniku alergii a astmatu,
poskozovat funkce ledvin a jater [Benjamin et al., 2017].

Je pravdépodobné, ze ftalaty zasahuji i do vyvoje abdomindlni obezity a DM2T, a to
nejspiSe mechanismem interakce s receptory PPARA a PPARG (receptory aktivované
peroxisomovym proliferatorem), které se podileji na regulaci diferenciace adipocytii a
dalSich déja, které souviseji s metabolismem glukdzy a lipidi [Mraz et al., 2016].

V plynné podobé jsou ftalaty uvoliiovany do prostfedi, kde se hromadi ve vzduchu i
v prachu, s nimz se pak pfi dychani dostavaji do lidského téla. Pokud by doslo k pfimému
kontaktu vyrobku se sliznici, ftalaty se vstiebavaji pfimo do krve. Jsou schopné prochazet i
skrz placentarni bariéru. Jejich biologicky polocas je fadoveé hodiny az dny, takze se v téle
neakumuluji. Jsou rychle hydrolyzovany a jejich metabolity jsou pak detekovatelné v moci
a v matefském mléku [Hoyer et al., 2018]. Nachazime je v mnoha vyrobcich, jako jsou
barvy, obaly, zdravotnické pomiicky, détské hracky, elektronika, podlahové krytiny,
vyrobky osobni hygieny (parfémy, deodoranty, Sampony, télova mléka), osvézovace
vzduchu, textil [Mraz et al., 2016].

Cela tada ftalatd je uvedena v seznamu Organizace pro ekonomickou spolupraci a rozvoj
(OECD) z roku 2004 o chemikaliich s vysokym objemem vyroby. Jedna se o latky, které
maji vlastnosti endokrinnich disruptorti a nékteré jsou Evropskou unii zcela zakazané, a to
predevsim ftalaty v détskych hrackach a v potravinovych obalech [Darbre, 2017].

Bisfenol A (BPA) byl pfipraven v roce 1891 ruskym chemikem Alexandrem P. Dianinem
jako potencialni synteticky estrogen. Misto n€ho se v§ak nakonec uplatnil diethylstilbestrol
se siln¢j$im estrogennim ucinkem [Mraz et al., 2016].

Jedna se o jednu z nejrozsifenéjSich chemikalii ve svété [Cuomo et al., 2017]. PouZiva se
pfi vyrobé polykarbonatovych plastd a epoxidovych pryskyfic. Je vSudypfitomny ve
spottebnich vyrobcich, jako jsou tvrdé lahve na vodu, obloZeni vodovodniho potrubi,
natérové hmoty na potravinaiské a napojové plechovky, termopapir a zubni plomby
[Darbre, 2017].

Jeho endokrinni efekt ovliviiuje zejména vyvoj pohlavnich organt a celkové reprodukéni
zdravi. Ma vSak ziejmé roli 1 pii rozvoji obezity a DM2T. Chronické expozice bisfenolu A
vedla u pokusnych zvitat k hyperinsulinemii a snizeni insulinové senzitivity [Mraz et al.,
2016].
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Parabeny (alkylestery kyseliny p-hydroxybenzoové) se pouzivaji jako antimikrobidlni
¢inidla (konzervanty) pro uchovavani vyrobkl osobni hygieny, potravin, farmaceutickych
vyrobkd a vyrobki z papiru. Jsou ptitomné v lidskych tkanich véetné prsni tkané a maji
estrogenni vlastnosti [Darbre, 2017]. Parabeny podporuji adipogenni diferenciaci
z mesenchymalnich bunék na ukor diferenciace v osteocyty a chondrocyty [Hu et al.,
2017].
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1.4.3 Perzistentni organické polutanty (POP)

Tato skupina latek zde bude probrana podrobnéji nez ostatni latky s obezogennim
ucinkem, protoze souvisi s praktickou ¢asti této prace.

Pi‘ehled a vlastnosti perzistentnich organickych polutantu

Perzistentni organické polutanty (tabulka 7 a 8) jsou toxické latky vznikajici jako vedlejsi
produkty primyslové vyroby. Casto vznikaji dokonce neimyslné bez nésledného
praktického vyuziti. Jsou perzistentni, tzn. odolné vici degradaci, kterd je v zivotnim
prostfedi velmi pomald — poloc¢as rozpadu v ptidé se pohybuje fadové od nekolika po
desitky let. Produkty vzniklé jejich rozkladem jsou ale rovnéz casto toxické. Jedna se o
latky lipofilni povahy, které jsou transportovany krvi ve vazb¢ na lipoproteiny a ukladany
do tukové tkané organismii. Vzhledem k jejich bioakumulaénim vlastnostem jsou nejvice
ohrozeny organismy na vrcholu potravniho fetézce [Dvorakova, 2015].

Tabulka 7 - Skupiny latek patiici mezi perzistentni organické polutanty

Skupina Piiklady Pouziti

aldrin, chlordan, endrin,
DDT, dieldrin, heptachlor, | hubeni skodlivych organismi

Organochlorované pesticidy | hexachlorbenzen, (herbicidy, fungicidy,
(OCP) chlordekon, lindan, insekticidy); zakazané
pentachlorfenol, mirex, Stockholmskou konvenci

toxafen a dalsi

Siroce vyuzivané v prumyslu,

. smés 210 kongenert, elektroizolacni vlastnosti,
Polychlorované bifenyly s o ) .
(PCB) nejcastej$i PCB138, ptisady do barviv, plasti; od
153 a180 roku 1984 vyroba u nas
zakazana
75 kongenert bez praktického vyuZiti, vznik
Polychlorované . oo ,
. o jako vedlej$i produkty vyrob
dibenzodioxiny (PCDD)

(PCDD pfi vyrobé pesticidi;
PCDF pfti vyrobé PCB) a pii

a Polychlorované o ]
spalovani odpadu, lesnich

dibenzofurany (PCDF)

135 kongeneru

pozérech, erupcich vulkant

Polybromovan¢ bifenyly | hexabrombifenyl

(PBB) zpomalovace hoteni
hexabromcyklododekan v textilnich vyrobcich,
a Polybromované nabytku, elektronice a plastech

difenylethery (PBDE) a dalsi
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Tabulka 8 - Skupiny latek patfici mezi perzistentni organické polutanty

Skupina Priklady Pouziti
tributylcin (TBT) biocidni latky pouzivané
Organocinicité slouceniny v barvach aplikovanych na
trifenylcin (TPT) a dalsi trupy lodi
Polychlorované n-alkany “ K . tickvch pouzivané od 80. let
smés kongenert a optickyc
s kratkym a dlouhym g . PHERY 20. stoleti jako nahrazka
izomert

fetézcem (SCCP a LCCP) PCB

) ouziti jako obalové
kyselina perfluorooktanova P !

Perfluorkarboxylové materidly pro potraviny,

PFOA), -
kyseliny a jejich soli ( ) ., | vodéodolné obleceni, Cistici
(PFCA) perfluorooctansulfonylfluorid tedky. b lak

rostie arvy, laky a

tmely, hasici pény

vedlejsi produkty pii
benzopyren spalovani (vyfukové plyny,

Polyaromatické uhlovodiky  paretovy kout. pedent
cigaretovy kouf, pecent,

(PAU) . .
dibenzoantracen uzeni a grilovani masa,

ptirodni pozary)

Perzistentni organické polutanty v Zivotnim prostiedi

Perzistentni organické polutanty se do ovzdusi dostavaji z primyslovych zdrojt, dopravy,
ze skladek, pouzivanim zeméd¢€lskych postiikl a vypafovanim z piidy. Vyskytuji se zde ve
form¢& par anebo vazané na prachové castice a kapicky vody. Podléhaji velmi pomalé
fotolyze vlivem slune¢niho zafeni. Na zemsky povrch (do plidy) se dostdvaji bud’
usazovanim popilku, aplikaci pesticidi anebo s destovou vodou. Pomérné silné se vazi na
organickou slozku piidy a jejich polo¢as rozpadu muize byt fadové roky az desitky let,
pfi¢emZ na jejich rozkladu se podileji hlavn€é mikroorganismy. Do vodnich zdrojl jsou
splachovény destovou vodou ze silnic a sklddek, a s odpadni vodou z primyslovych
zavodl. Jejich nejvétsim rezervoarem jsou pak oceany, kde se ukladaji v sedimentech,
odkud se mohou znovu uvoliovat.

Vlivem jejich stability v ovzdusi mohou byt transportovany 1 tisice kilometr od
puvodniho zdroje a vyskytovat se tak 1 v oblastech, kde se nikdy nepouzivaly [Holoubek et
al., 2001]. Tato skutenost byla potvrzena analyzou ledu kolem severniho p6lu a rovnéz
tuku tamnich zivoc€ichu [Villa et al., 2017].
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V Ceské republice byla provedena analyza pidnich vzorkd s cilem detekce rezidui
vybranych pesticidi (chlordan, heptachlor, dieldrin, aldrin, endrin, isodrin, endosulfan I,
endosulfan II, methoxychlor, mirex). Vysledky studie ukézaly, ze i kdyz se u nas ve
velkém mnozstvi tyto druhy pesticidi nikdy nepouzivaly a byly ve svéte uz 20 let
zakazané, presto se vyskytovaly v pudé v horskych i vzeméd¢€lskych oblastech. Tato
skuteCnost dokazuje teorii Sifeni perzistentnich organickych polutantd pomoci
atmosférickych vlivii [Shegunova et al., 2007].

Cesty vstupu perzistentnich organickych polutantii do organismu a moznost ochrany
pred jejich ptisobenim

Rostliny mohou byt znecistény ochrannym postiikem pesticidy anebo perzistentnimi
organickymi polutanty z ovzdu$i. Ty se pak mohou akumulovat v nadzemnich ¢astech
rostlin obsahujicich oleje a vosky.

Zvirata mohou byt kontaminovana pievazné konzumaci znecisténych rostlinnych krmiv a
rybi moucky, pfiCemz v potravnim fetézci se koncentrace téchto latek zvySuje smérem
k vrcholovym predatorim vcetné Cloveka, ktefi jsou tak nejvice ohrozeni chronickou
expozici s ndslednymi zdravotnimi komplikacemi [Holoubek et al., 2001].

Lidé jsou vystaveni témto chemikaliim nejriiznéj$§imi cestami. Hlavnim zdrojem jsou
potraviny zivoc¢isného piivodu (masné a mlééné vyrobky, tuéné ryby, vejce), dale uzené a
grilované potraviny, nemyté ovoce a zelenina. Mezi dal§i mozné cesty vstupu do
organismu patii inhalace (koufeni, prach ve vnitinim prostfedi, Zivot ve zneciSténych
oblastech), dermalni cesta (zeyména pii profesiondlni expozici a manipulaci s postiiky bez
ochrannych pomticek) a rovnéz transplacentarni pienos [Neel a Sagris, 2011; Yang et al.,
2017].

Pii snaze o snizeni télesné hmotnosti se vyznamné zvySuji sérové hladiny perzistentnich
organickych polutantl v zavislosti na mnozstvi shozenych kilogrami. Kontaminujici latky
rozpustné v lipidech se pfi hubnuti uvoliuji z tukové tkané¢ do krve, jsou v té€le noveé
rozdélovany a jejich expozice muze negativné ovlivnit zdravi [Malarvannan et al., 2018].

Dioxiny aktivuji systém arylhydrokarbonovy receptor - cytochrom p450 formu 1Al,
vytvareji oxidaéni stres a vyvolavaji hyperkeratinizaci keratinocytll a sebocytil, coz vede
ke wvzniku chlorakné. Bylo zjiSténo, Ze nékteré piirodni latky, jako naptiklad
cinnamaldehyd ze skoficovniku ¢inského (Cinnamomum cassia) a perillaldehyd z perily
ktovité (Perilla frutescens) tuto signalizaci inhibuji a aktivuji antioxidacni d&je. Tak
zlepsuji chlorakné u lidi zasazenych dioxiny [Furue et al., 2018].

Morita et al. [2001] uvadi ve své praci vysledky s laboratornimi potkany, kdy bylo
potvrzeno, Ze piidavek chlorofylu zitasy Chlorella pyrenoidosa inhibuje absorpci
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polychlorovanych dibenzodioxini a polychlorovanych dibenzofuranii
z gastrointestindlniho traktu a urychluje jejich vylucovani z téla se stolici. Dioxiny byly
detekovany rovnéz v matetském mléce, coz by mohlo mit dopady na zdravi kojenych déti.
Bylo zjisténo, ze po wuzivani chlorelly v pribéhu téhotenstvi byly hladiny dioxint
v mateiském mléce vyrazné nizsi, takze se snizil jejich pfenos na dit¢ [Nakano et al.,
2007].

Mechanismy pusobeni obezogennich perzistentnich organickych polutanti
v organismu

Jedna se o vysoce lipofilni latky, které se snadno ukladaji v tukovych kapénkach adipocyt
tukové tkang, ale i v dalSich organech, které obsahuji vétsi mnozstvi lipidii napt. mozek a
jatra. Z téchto lokalit jsou v malych dédvkach uvoliiovany do krve, kde setrvavaji navazané
na lipidové ¢astice [Yang et al., 2017], coz zplsobuje neustalou chronickou expozici.

Jednotlivé skupiny POP mohou pulsobit riznymi mechanismy. Situaci komplikuje i
skutecnost, ze ¢loveék je vystaven sou¢asnému piisobeni nizkych hladin celé fady slozitych
smési endokrinnich disruptori, které mezi sebou mohou interagovat aditivnimi,
synergistickymi nebo antagonistickymi ucinky, coz znesnadniuje objasnéni efektii téchto
latek na metabolismus a zdravi [Mustieles et al., 2017].

Obezogeny mohou zpusobovat piibyvani na vaze zménou lipidové homeostazy
podporovanim adipogeneze a akumulace tukd, a to nékolika mechanismy, jak je uvedeno
v tabulce 9 [Darbre, 2017]. Na molekularni urovni mohou obezogeny pusobit interakci
s jadernymi transkripénimi receptory jako jsou PPARA, PPARD a PPARG, s receptory
steroidnich hormoni a s aryluhlovodikovym receptorem (AhR) [Darbre, 2017].

Tabulka 9 - Souhrn obezogennich ucinki endokrinnich disruptori,
upraveno dle [Darbre, 2017]

Zvyseni poctu adipocytti (hyperplazie)

Zvyseni velikosti adipocytl (hypertrofie)

Zmeéna endokrinni regulace vyvoje tukové tkané

Zména hormont regulujicich chut k jidlu, pocity sytosti a stravovaci preference (inhibice
leptinu a stimulace ghrelinu — ,,hormonu hladu* produkovaného buiikami traviciho traktu)

Zména rychlosti bazalniho metabolismu

Zména energetické rovnovahy ve prospéch skladovani kalorii

Zména insulinové senzitivity a lipidového metabolismu v endokrinnich tkanich jako je

tukova tkan, jatra, slinivka, mozek, gastrointestindlni trakt a svaly
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Jaderné transkripcéni receptory (PPAR) reguluji biosyntézu a skladovani lipidd, dale
kontroluji proliferaci a diferenciaci preadipocytii v tukové tkani. Obezogeny méni
adipogenezi prostiednictvim interakce s PPARG [Darbre, 2017]. U organocinicitych
sloucenin, metabolith ftalatd, parabent a u polybromovanych bifenylt bylo zjisténo, ze
pusobi jako agonist¢ PPARG, potlacuji osteogenezi a diferenciaci multipotentnich
mesenchymalnich bunék derivovanych z kostni dfené¢ sméruji prednostné k adipocytim
[Watt a Schlezinger, 2015].

Expozice plodu nebo novorozence latkam, které napodobuji signalizaci steroidnich
hormont (napt. fytoestrogeny, synteticky estrogen diethylstilbestrol, parabeny), je spojena
s rozvojem obezity v pozd€j§im veéku [Darbre, 2017]. Tyto latky rovnéz poskozuji
normalni embryonalni vyvoj a reprodukéni funkce v dospélosti. Ovlivituji procesy
zprostiedkované estrogeny nebo androgeny napodobovanim nebo antagonizaci jejich
fyziologickych funkci [Miillerova a Kopecky, 2007].

Aryluhlovodikovy receptor je lokalizovan v cytoplazmé bunck mnoha tkani, vcetné plic,
jater, ledvin, kaze, sleziny a placenty. Je aktivovan tfadou lipofilnich xenobiotickych
sloucenin difundujicich pfes plazmatické membrany a zprostfedkovavd biologické
odpovédi na tyto latky, které je zapotiebi odstranit z téla, a to aktivaci cytochromu P450
[Sorg, 2014]. MiiZe neptimo ovlivnit adipogenezi zménou exprese PPARG. Skrze tento
mechanismus nejspiSe funguji napf. polychlorované dibenzodioxiny a dibenzofurany
[Darbre, 2017].

Studovany jsou i dal$i mozné mechanismy pasobeni POP souvisejici s obezitou a DM2T.
Jednim z nich by mohla byt interakce s receptory thyroidnich hormonti, které maji vliv na
vyvoj mozku a na bazalni metabolismus [Darbre, 2017; Baba et al., 2018].

U rozvoje nemoci jako je obezita, DM2T a rakovina byla zjiSténa souvislost také
s mitochondridlni dysfunkci, rozvijejici se nejen v pribéhu starnuti, ale 1 po expozici
dioxiniim. Mitochondridlni dysfunkce vede k akumulaci diacylglycerolu a dalSich
metabolitl z metabolismu mastnych kyselin, coz potlacuje insulinovou signalni drahu, a
dale vede ke zvySeni produkce reaktivnich kyslikovych radikali. Tyto podminky jsou
beézné pozorované v insulin-rezistentnich tkanich [Yang et al., 2017].

Patofyziologické u¢inky POP

Chronick4 expozice a akumulace téchto toxickych latek v organismu muze indukovat
endokrinni dysfunkci, kterd se projevuje poruchami imunitnich a reprodukénich funkci,
vznikem karcinomt, obezity, insulinové rezistence, DM2T, hypertenze a dyslipidemie. Po
akutni expozici vznikd chlorakné nebo miize dochdzet az k umrti jedince [Sorg, 2014;
Yang et al., 2017].
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Epidemiologické studie a asociace mezi perzistentnimi organickymi polutanty,
obezitou a diabetes

Epidemiologické studie zamétené na tyto latky vychazeji z méfeni jejich obsahu v tuku a
v séru. U koncentraci v tukové tkani nachdzime mensi variabilitu ve srovnani se sérovymi
koncentracemi, protoze ty mohou byt ovlivnény kratkodobou expozici anebo mobilizaci
POP ulozenych v tukové tkani [Mustieles et al., 2017]. Z téchto latek jsou nejcastéji a
nejvice zastoupené v tukové tkani ¢lovéka organochlorované pesticidy a polychlorované
bifenyly. Rozmezi hodnot téchto latek jsou uvedeny v tabulce 10.

Tabulka 10 - Obsah perzistentnich organickych polutanti v lidské tukové tkani,
upraveno dle [Achour et al., 2017; Malarvannan et al., 2013; Jimenez Torres et al., 2006]

Chemikalie Rozmezi hodnot (ng/g tuku)

DDT (dichlordifenyltrichlorethan)
a jeho metabolity:

DDE (dichlordifenyldichlorethylen) 209000
DDD (dichlordifenyldichlorethan)
HCB (hexachl
HCH (boactiothoras) 705500
PCB 138, 153, 180 10 - 300

V roce 1976 doslo k vybuchu v chemické tovarné na herbicidy v italském Sevesu, kdy
doSlo k tniku do ovzdu$i prudce jedovan¢ho dioxinu. Jde o nejzndméjsi vystaveni
obyvatelstva dioxinim [Wesselink et al., 2014]. U divek, které¢ byly v dobé vybuchu
mladsi 12 let, se v dospélosti projevila obezita a cukrovka. To potvrzuje zjiSténi, Ze
kritické pro rozvoj diabetes je vystaveni se témto chemikaliim v raném véku [Yang et al.,
2017].

V jiné studii [Mustieles et al., 2017] byl sledovan pocet slozek metabolického syndromu
(DM2T, hypertenze, hypertriglyceridemie, nizky HDL cholesterol) ve vztahu k obsahu
hexachlorhexanu a hexachlorbenzenu v tuku. Bylo zji$téno, Ze ¢im mél pacient vyssi
naméfené hodnoty téchto latek v tuku, tim vice slozek metabolického syndromu mél.

Dalsi zajimavy jev byl pozorovan v Kanadég, kde se u ptivodniho narodu vyskytuje 17,2%
prevalence DM2T oproti 6,8 % u zbytku kanadské populace. Toto je davano do souvislosti
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s vy$$i konzumaci ryb, které mohou obsahovat kontaminanty [Marushka et al., 2017].
Laboratorné byla tato skutecnost zjisténa jiz diive u mysi krmenych nerafinovanym tukem
z losost, jejichZ tuk obsahoval smés perzistentnich organickych polutant. U zvifat doslo
k rozvinuti insulinové rezistence, abdominalni obezity a hepatosteatozy.

Ve studii Henriqueze-Hernandeze [2017], ktera byla provadéna na Kanarskych ostrovech,
bylo potvrzeno, zZe sérové hladiny téchto latek jsou vyznamné vyssi u jedinct s diabetem
nez u nediabetikii. Pfitom bylo pozorovano nejvyssi zastoupeni laitek DDE, PCB153 a
PCBI118.

Ochrana zZivotniho prostredi a zdravi

V kvétnu 2001 byla pfijata Stockholmska umluva o perzistentnich organickych
polutantech, jejimz cilem je: ,,chranit lidské zdravi a Zivotni prostfedi pied perzistentnimi
organickymi polutanty, zastavit produkci a pouZivani téchto latek”. Umluva byla
ratifikovana Evropskou unii a 179 zemémi celého svéta. Nejprve bylo na seznamu 12
latek, postupné jsou piidavané dalsi, v soucasnosti je Stockholmskou imluvou zakazano
23 latek [Harrad, 2009]. Tato skutecnost ale neplati absolutné, jelikoz napt. ackoliv je
DDT zakazané, nékteré zemé¢ ho stidle v omezeném mnozstvi pouzivaji k hubeni
malarickych komara [ARNIKA, 2014].

Statni organy zajistuji vydavani pravnich dokumenti, které stanovuji nejvyssi pfipustné
limity téchto latek nejen v Zivotnim prostiedi, ale i v potravinach. Zakon o ovzdusi, o vodgé,
pudé a souvisejici vyhlasky nafizuji pouzivani nejlepSich moznych technologii
v zafizenich, ktera mohou byt zdrojem téchto latek [Holoubek et al., 2001].

Ve vztahu k zivotnimu prostiedi se provadi monitoring zdravotniho stavu obyvatelstva
[Ruprich, 2009].
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2 HLAVNI A DILCI CiLE

Tato préace si klade za cil zhodnoceni vlivu perzistentniho organického polutantu DDE
(dichlordifenyldichlorethylenu) na genovou expresi adipocytu.

Dil¢éi cile:

1.  diferenciace mesenchymalnich kmenovych bunc€k derivovanych ztukové tkéné
(hADMSC) do adipocytt a charakterizace tohoto procesu

2. studium vlivu DDE (dichlordifenyldichlorethylen) na expresi gent lipidového
metabolismu a genil insulinové signalni drahy v pribéhu diferenciace
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3 MATERIAL A METODIKA
3.1 Mesenchymailni kmenové bunky

Mesenchymalni kmenové builkky (MSC) jsou multipotentni kmenové bunky, které byly
identifikovany v nékolika tkénich, napt. kostni dien, tukova tkan, zubni pulpa,
pupecnikova krev apod. [Wagner et al., 2005]. Jedna se o bunky schopné sebeobnovy a
diferenciace do adipocytil, osteoblastl, chondrocytii, myocytt, ale i beta bun€k pankreatu.
Mezi jejich dalsi charakteristickou vlastnost patii adherence k plastovému povrchu,
vietenovity tvar bun€k a ptitomnost typickych povrchovych znaka jako CD105, CD90,
CD73 a zéaroven absence CD45, CD34, CD79a, CD14 a HLA II [Phinney a Prockop,
2007].

3.2 Kultivace mesenchymalnich kmenovych bunék

Pro tuto praci byla vybrana jako nejvhodnéjsi lidskd bunécna linie mesenchymalnich
kmenovych bunék derivovanych z tukové tkané (human adipose-derived mesenchymal
stem cells, hADMSCs) (Thermo Fisher Scientific, Carlsbad, California, USA). Jedna se o
linii ziskanou pii liposukci z podkozni tukové tkdné zenské darkyné. Tento typ bunck
poskytuje slibnou budoucnost v tkanovém inzenyrstvi a v regenerativni mediciné. Ma
velmi podobné fenotypové a funkéni charakteristiky jako Castéji pouzivané mesenchymalni
kmenové bunky odvozené zkostni dfené, jejich vyhodou vSak je moznost méné
invazivniho ziskani [De Francesco et al., 2015].

Mesenchymalni kmenové buiikky derivované z tukové tkan€ byly kultivovany v souladu
s instrukcemi poskytnutymi dodavatelem. Buiiky byly vysazeny v poétu 1x10° do 6-
jamkovych desti¢ek, piipadné v poctu 5000 do 96-jamkovych desticek (TPP Techno
Plastic Products, Trasadingen, Switzerland) a kultivovany v komeréné dostupném médiu
MesenPRO RS™ Medium s pfidavkem ristového suplementu MesenPRO RS™ Growth
Supplement s redukovanym mnozstvim séra (2%), 1% L-glutaminu a 1% Gentamicinu
(vSe Thermo Fisher Scientific, Carlsbad, California, USA). Bunky byly kultivovany za
standardnich podminek (teplota 37°C, 5% atmosféra CO2). Kultivaéni médium bylo
ménéno kazdé 3 dny. Po dosaZeni 70 - 80% konfluence byla zahajena diferenciace bunék.

3.3 Diferenciace mesenchymalnich kmenovych bunék v adipocyt

Po dosazeni pftiblizné¢ 70 - 80% konfluence byly builkky promyty pomoci pufrovaného
fyziologického roztoku (PBS) a bylo knim pfiddno komercni diferenciaéni médium
StemPro® Adipogenesis Differentiation Kit s pfidavkem 1% Gentamicinu (vSe Thermo
Fisher Scientific, Carlsbad, California, USA). Bunky byly diferencovany v maturované
adipocyty po potieby charakterizace procesu diferenciace po dobu 21 dni a pro potieby
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studia vlivu DDE 28 dni. Buikky byly kultivovany za standardnich podminek (teplota
37°C, 5% atmosféra CO.). Diferenciacni médium bylo ménéno kazdé 3 dny.

3.4 Fotodokumentace prubéhu diferenciace

Buniky byly fotodokumentovany ve dnech 0, 4, 10 a 21 diferenciace za pouziti mikroskopu
Olympus CKX41 s fotoaparatem Olympus E-600 s objektivem ZUIKO Digital ED 14-42
mm (Olympus, Tokio, Japonsko).

3.5 Barveni Oil Red O

Pro zvyraznéni vznikajicich tukovych kapének v pribéhu diferenciace byly bunky ve
dnech 0, 4, 10 a 21 barveny pomoci Oil Red O (Sigma Aldrich, St. Louis, MO, USA). Toto
barvivo se pouziva k barveni a vizualizaci lokalizace tukl. Pronika do tukovych kapének
uvniti adipocytu a barvi je Cervenooranzovou barvou.

Pracovni roztok barviva byl pfipraven smichanim zasobniho roztoku s destilovanou vodou
v poméru 3:2. Buiiky byly nejprve oplachnuty PBS roztokem a nasledné fixovany ve 4%
pufrovaném formaldehydu po dobu 1 hodiny pfi pokojové teplote. Nasledné byly buiiky 3x
oplachnuty destilovanou vodou a bylo pfidano barvivo Oil Red O na dobu 30 minut.
Inkubace probihala pti pokojové teplote. Poté byly buitky opét 3x oplachnuty destilovanou
vodou. Dokumentace byla pofizena pod invertovanym mikroskopem Olympus CX41
(Olympus, Tokio, Japonsko) s digitalni kamerou.

3.6 Kvantifikace akumulovanych lipida

Mnozstvi akumulovanych lipidii bylo kvantifikovano pomoci extrakce barviva Oil Red O a
jeho spektrofotometrickém zméfeni. Nejprve byly buiky zafixovany a obarveny
standardnim protokolem pro barveni Oil Red O (viz kapitola 3.5). Poté byly bunky
zlyzovany lyza¢nim roztokem (4% Nonidet™ P-40 v 100% isopropanolu - oboji Sigma
Aldrich, St. Louis, MO, USA). 100 pl extraktu z kazdého vzorku bylo pfeneseno na 96-
jamkovou desticku. Na destickovém readeru SynergyHT (BioTek, Winooski, Vermont,
USA) byla zmétena absorbance pti 490, 500, 510 a 520 nm.

3.7 Fluorescen¢ni imunocytochemie

Tato metoda byla pouzita k priikkazu ptitomnosti diferencovanych adipocytii. Jako marker
byl pouZit specificky protein fatty acid binding protein 4 (FABP4).

Fixace byla provedena 4% formaldehydem po dobu 60 min. pfi teploté¢ 4 az 8° C. Po
opakovaném promyti roztokem PBS byly bunky permeabilizovany v 0,3% Tritonu X-100
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po dobu 15 minut pti pokojové teploté. Po opétovném promyti byl k buiitkam na 60 minut
pfidan blokacni roztok (1% bovinni albumin v PBS). Inkubace probihala za pokojové
teploty.  VSechny  pouzit¢  chemikdlie  byly soucasti  kitu  Image-iT®
Fixation/Permeabilization Kit (Molecular probes, Thermo Fisher Scientific, Carlsbad,
USA). Po blokaci byly bunky inkubovany s primdrni protilatkou anti-FABP4 (R&D
Systems, Minneapolis, Minnesota, USA) pfes noc pfi teploté¢ 4 az 8° C. Po oplachu byla
pfidana sekundarni protiladtka NL557-conjugated donkey anti-goat secondary antibody
(R&D Systems, Minneapolis, Minnesota, USA) na 60 minut. Inkubace probihala pfi
pokojové teploté. K zamontovani vzorku bylo pouzito DAPI ProLong Gold Antifade
Mountant (Molecular probes, Eugene, Oregon, USA). Vzorek byl pozorovan pod
fluorescenénim mikroskopem Olympus CX41 (Olympus, Tokyo, Japonsko) pfipojenym
k digitalni kamefe.

3.8 Viabilita bunék

Viabilita bunék v prubéhu diferenciace byla stanovena pomoci metody PrestoBlue™ Cell
Viability Reagent (Thermo Fisher Scientific, Carlsbad, California, USA). Toto ¢inidlo
obsahujici resazurin je redukovano metabolicky aktivnimi bufikami za vzniku resorufinu,
ktery je vysoce fluorescenc¢ni. Builkky byly diferencovany v 96-jamkovych destickach
Nunc™  MicroWell™ Optical-Bottom Plates (Thermo Fisher Scientific, Carlsbad,
California, USA). Ve dnech 0, 4, 10 a 21 bylo do kazdé jamky ptidano 10 pl ¢inidla.
Inkubace trvala 10 minut pfi pokojové teploté ve tm¢e. Na destickovém readeru SynergyHT
(BioTek, Winooski, Vermont, USA) byla méfena fluorescence (excitace 560 nm, emise
590 nm). Vyssi hodnota fluorescence koreluje s vyssi celkovou metabolickou aktivitou
bunék.

3.9 Distribuce mitochondrii v burice

»Live Cell Imaging" je progresivni metoda vhodna k vyzkumu interakci jednotlivych
bunék, bunéénych organel apod., kdy jsou buiiky pozorovany Zivé a v realném case. Tato
metoda byla pouZita k ozfejméni mitochondridlni sit¢ v pribchu diferenciace pomoci
MitoTracker™ Red CMXRos a ke zvyraznéni jadra za pouziti NucBlue™ Live
ReadyProbes™ Reagent (oboje Molecular probes, Eugene, Oregon, USA).

MitoTracker™ je Cervené fluorescencni barvivo, které pasivné difunduje plazmatickou
membranou a akumuluje se v aktivnich mitochondriich. Jeho emisni maximum je pii 599
nm. NucBlue™ obsahujici barvivo Hoechst® 33342 dye (2'-[4-ethoxyphenyl]-5-[4-
methyl-1-piperazinyl]-2,5'-bi-1H-benzimidazole) emituje pii navdzani na DNA modrou
fluorescenci s emisnim maximem pii 460 nm. Je detekovan modrym DAPI filtrem.
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Kultivaéni médium bylo nahrazeno roztokem Live Cell Imaging Solution (Molecular
Probes, Eugene, Oregon, USA) pro ziskani jasnéjSiho obrazu. Na 1 ml média byly ptidany
dvé kapky NucBlue™ v kone¢né koncentraci 100 nM MitoTracker™. Bunky byly
inkubovany ve tmé po dobu 30 minut a pak vizualizovany kamerou Hamamatsu Orca-ER
ptipojenou k invertovanému mikroskopu Olympus IX81 pii 200x zvétSeni (Olympus,
Tokio, Japonsko).

3.10 Mitochondrialni membranovy potencial

Pro doplnéni informaci o funkénim stavu bunc€k a jejich mitochondrii byl stanovovan
mitochondridlni membranovy potencidl, coz je napé€ti na polarizované polopropustné
membrané vznikajici jako disledek ptisobeni elektrochemického gradientu malych ionti a
protond. K tomu byl pouzit JC1 Mitochondrial Membrane Potential Assay Kit
(Mitosciences, Abcam, Cambridge, UK). Pomoci této lipofilni latky (5,5',6,6'-tetrachloro-
1,1',3,3"-tetracthylbenzimi-dazolylkarbocyanin jodid) je mozné detekovat zmény
mitochondridlni membrany. Zdravé bunky s funkénimi mitochondriemi vykazuji ¢ervenou
fluorescenci. Pokles této fluorescence signalizuje bunécné poskozeni.

Buniky byly vysazeny na 96-jamkové desticky Nunc™ MicroWell™ Optical-Bottom
Plates vpoétu 1x10* (Thermo Fisher Scientific, Carlsbad, California, USA).
Mitochondridlni membranovy potencial byl méfen v den 0, 4, 10 a 21 diferenciace (n =
12). Buniky byly nejprve oplachnuty PBS a nasledné inkubovany s JC-1 (1uM) po dobu 10
minut pfi 37°C. Nasledné byly buniky opét oplachnuty a byla méfena jejich fluorescence pii
excitaci 475 nm a emisi 530/590 nm na spektrofotometru Synergy HT (BioTek, Winooski,
Vermont, USA).

Pro ovéfeni spravnosti vysledki byl mitochondridlni membranovy potencial méfen i
pomoci pritokové cytometrie za pouziti MitoProbe™ JC-1 Assay kitu (Thermo Fisher
Scientific, Carlsbad, California, USA) vden 4 a 21 diferenciace. Bunky byly
resuspendovany ve vlazném (37°C) fosfatovém pufru. Vysledna koncentrace buné€k byla
priblizné¢ 1x10° bun&k/ml. K buiikim bylo piidino barvivo JC-1 (10 ul z 200 pmol/l).
Inkubace trvala 20 minut pii 37°C a 5% CO.. Po oplachu PBS a centrifugaci (5 min, 1500
rpm) byly vzorky resuspendovany v 500 ul PBS a zméteny v pratokovém cytometru BD
FACS CANTO II (BD Biosciences, San Jose, California, USA). Analyza byla provedena
softwarem BD FACS Diva. Pro vyhodnoceni potencidlu mitochondridlni membrany byl
stanoven pomer intenzity cervené / zelené fluorescence.

53


https://www.thermofisher.com/order/catalog/product/165305?SID=srch-srp-165305
https://www.thermofisher.com/order/catalog/product/165305?SID=srch-srp-165305

3.11 Ovlivnéni adipocyti v pribéhu jejich diferenciace vybranymi

polutanty

V pribéhu diferenciace byly buiiky chronicky exponovany perzistentnimu organickému
polutantu dichlordifenyldichlorethylenu (DDE) (Sigma Aldrich, St. Louis, MO, USA).
Dtivodem vybéru této latky je jeji vysoka koncentrace v okolnim prostiedi a tedy vysoka
mira expozice pro cloveéka.

Polutant DDE byl rozpustén v triglyceridové slozce roztoku NuTRIflex® Lipid peri (B.
Braun, Melsungen, Germany), uzivaného pii humdanni parenterdlni vyzivé. Divodem
rozpusténi polutantu v tomto roztoku bylo napodobeni obezogenniho prostiedi, ve kterém
zijeme. Vysledné koncentrace polutantu v kultivaénim médiu byly 0,1 uM, 1 uM a 10 uM.
Jedna se o hodnoty, které koreluji s hodnotami nachazenymi v lidském séru [Dirinck et al.,
2014].

Pti pokusu bylo celkové pouzivano pét typu diferenciacnich médii (obrazek 8):

e médium ¢. 1 — pouze ¢isté diferenciacni médium (M)

e médium ¢. 2 — diferenciacni médium s rozpoustédlem (R)

e médium ¢. 3 — diferenciani médium s perzistentnim organickym polutantem
s rozpoustédlem o finalni koncentraci 0,1 uM (C1)

e médium ¢. 4 — diferenciaéni médium s perzistentnim organickym polutantem
s rozpoustédlem o finalni koncentraci 1,0 uM (C2)

e médium ¢. 5 — diferenciaéni médium s perzistentnim organickym polutantem
s rozpoustédlem o finalni koncentraci 10 uM (C3)

| S R el e .
M M+R M+R+C1 M+R+C2 M+R+C3

Obrazek 8 — Rozdéleni bunéénych kultur podle sloZeni diferencia¢niho média

Legenda: M = diferenciaéni médium; M+R = diferenciaéni médium s rozpoustédlem,;
C1 = diferencia¢ni médium s DDE o ¢ = 0,1 uM; C2 = diferenciaéni médium s DDE
o ¢ =1 uM; C3 = diferenciacni médium s DDE o ¢ = 10 puM.
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V pribéhu procesu diferenciace byly ve dnech 0, 4, 10, 21 a 28 odebirany vzorky pro
kvantitativni stanoveni mRNA pomoci polymerazové fetézové reakce (RT-PCR).
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3.12 Kbvantitativni stanoveni exprese mRNA vybranych genii pomoci

polymerazové retézové reakce (RT-PCR)

Stanoveni exprese mRNA vybranych genu (tabulka 11, 12) bylo provedeno metodou RT-
PCR s UPL sondou (Universal Probe Library, Roche). Celkova RNA byla izolovana
z pelety bun¢k za pomoci kitu FastRNAPro Green Kit (QBIOgene, Irvine, CA, USA).
Reverzni transkripce byla provedena z 250 ng celkové RNA reverzni transkriptdzou
Superscript III (Thermo Fisher Scientific, Carlsbad, USA) za pouziti random hexamert
jako primerti. Sekvence primerti a odpovidajici sondy byly generovany softwarem
ProbeFinder (Roche, Mannheim, Germany). Primery byly syntetizovany firmou East Port
Praha (Praha, CR) [Miillerova et al., 2016].

Kvantitativni stanoveni bylo provedeno na pfistroji Stratagene Mx3005P (Agilent
Technologies, Inc., Santa Clara, CA, USA). U vSech vzorkd byla hodnocena exprese
referencnich geni: B-glukuroniddzy (GUSB), hypoxantin-guanin fosforibosyltransferazy
(HPRT) a tyrozin 3/tryptofan 5-monooxygenazou aktivovaného proteinu zeta (YWHAZ).

2—AACt

Vysledky jsou vyjadieny jako normalizované hodnoty ( algoritmus) vztazené ke

geometrickému priméru kvantifikace (Ct) tii referencnich geni [Pesta et al., 2018].
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Tabulka 11 - Sledované referen¢ni geny a geny monitorujici diferenciaci,

upraveno dle [Pesta et al., 2018]

Symbol a nazev genu

Funkce

Referencni geny

GUSB (glucuronidase beta)

lysosomalni rozklad glykosaminoglykanii

HPRT (hypoxanthine-guanine
phosphoribosyltransferase)

regenerace nukleotidii z ptislusnych
purinovych nukleovych bazi

YWHAZ (tyrosine 3-
monooxygenase/tryptophan 5-
monooxygenase activation protein zeta )

adaptér pro regulaci pienosu signalu,
interaguje s proteinem IRS1 (uloha pfi

regulaci citlivosti na insulin)

Monitoring diferenciace

OCT4 (organic cation/carnitine
transporter4)

transkripéni faktor zapojeny v samoobnoveé
nediferencovanych embryonalnich
kmenovych bun¢k

PPARG (peroxisome proliferator-activated
receptor gamma)

regulace diferenciace adipocytl; regulace
skladovéani mastnych kyselin a metabolismu
glukézy

PPARGCI1B (PPARG coactivator 1 beta)

stimulator nékterych transkripénich faktort
a aktivit jadernych receptord; je snizen u

pacientt prediabetickych a s DM2T
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Tabulka 12 - Sledované geny regulace metabolismu glukozy a lipidi,
upraveno dle [Pesta et al., 2018]

Symbol a nazev genu Funkce

Metabolismus adipocytit a jeho regulace

receptor tyrosinkindzy zprostiedkovavajici

ucinky insulinu; vazba insulinu na receptor

) ., aktivuje insulinovou signalni drahu

INSR (insulinovy receptor) . ) ]
regulujici pfijem a uvoliovani glukozy a

syntézu a skladovani sacharida, lipida a

bilkovin

funkce v signalni transdukei aktivovaného
insulinového receptoru; reguluje

AKT2 (AKT serin/threonin kinaza 2) n;letabolisTnus, pr(')liferaciv, pf,eiiti bungk,
rast a angiogenezi; nadmérna exprese
ptispiva k malignimu fenotypu karcinomu
pankreatu

multifunkéni protein syntézy mastnych
kyselin; katalyzuje syntézu palmitatu

FASN (syntaza mastnych kyselin) y y2UJe 5y P ., )
z acetyl-CoA a malonyl-CoA v pfitomnosti

NADPH

enzym zodpoveédny za syntézu cytosolového
ACLY (ATP citrat lyaza) acetyl-CoA potiebného pro lipogenezi a
cholesterogenezi

hydrolyza triglyceridd Iné tné
LIPE (hormon-senzitivni lipaza typ E, HSL) ky r? yza HISyCeritt fia VOIne mastne
yseliny

3.13 Statistické vyhodnoceni

Statisticka analyza byla provedena pomoci softwaru OriginPro 2017 (OriginLab
Corporation, Northampton, Massachusetts, USA). Po testovani normality distribuce byla
data porovnana pomoci Studentova t-testu nebo jednosmérné ANOVA s Tukeyho post-hoc
testem. Hodnoty p < 0,05 byly povazovany za vyznamné.

Statistické hodnoceni naméfenych udaji RT-PCR bylo provedeno pomoci statistického
software Matlab Statistics Tool Box verze R 2012a pro Windows. Statistickd vyznamnost
byla hodnocena jako p < 0,05. Vyuzito bylo dle konkrétni situace jak neparametrického
Wilcoxonova dvoustranného parového testu, tak neparametrického Friedmanova testu.
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4 SOUHRN VYSLEDKU A JEJICH DISKUZE
4.1 Vysledky a diskuze vztahujici se k cili 1

Diferenciace mesenchymalnich kmenovych bunék v adipocyt

V den 0 diferenciace, tedy jest¢ ve stavu neovlivnénych mesenchymalnich kmenovych
bunck, byl pozorovan typicky vietenovity tvar (obrdzek 9 a 10) téchto bunék a nebyly
pfitomny jest¢ zadné tukové kapénky (obrazek 11A). Postupné dochazelo v buinikach
k hromadéni tuku ve formé drobnych tukovych kapének (obrazek 11B a 11C). Ptiblizné€ od
10. dne diferenciace dochazelo k jejich postupnému zmnozovani a zvétSovani. V
maturovanych adipocytech (21. den) byly jiz patrny velké tukové kapénky, které
vypliovaly znacnou ¢ast bunky (obrazek 11D). Jedné velké tukové kapénky, kterd je
typickd pro in vivo bily adipocyt se vSak v pribéhu in vitro diferenciace nepodafilo
dosdhnout. To je ale spole¢ny problém, tykajici se vSech in vitro studii s diferenciaci
mesenchymalnich kmenovych bun&€k do adipocytli [Karahuseyinoglu, 2008]. Pro lepsi
viditelnost obsahu tuku uvnitt bun¢k byly buiiky nabarveny pomoci barviva Oil Red O.

Obrazek 9 - Mesenchyméalni kmenové buiiky derivované z tukové tkané
(objektiv 10x)
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Obrazek 10 - Mesenchymalni kmenové buiiky derivované z tukové tkané
(objektiv 10x)
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Obrazek 11 - Zmény obsahu tukovych kapének v priibéhu diferenciace
mesenchymalnich kmenovych bunék derivovanych z tukové tkané

Legenda: 11A - Nediferencované mesenchymalni kmenové bunky. 11B - 4. den
diferenciace. 11C - 10. den diferenciace. 11D - Maturované adipocyty 21. den diferenciace
(tukové kapénky jsou obarveny barvivem Oil Red O; objektiv 20x).
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Kvantifikace akumulovanych lipidi

Mnozstvi pritomného barviva Oil Red O bylo spektrofotometricky kvantifikovano. Na
obrazku 12 je patrny prudky nérast akumulovaného tuku a tedy i nahromadéni Oil Red O
barviva v druhé polovin¢ diferenciace (od 10. dne). Byla nalezena statisticky vyznamna
rozdilnost mezi mnozstvim barviva v buiikach v 21. den diferenciace vi¢i ostatnim dniim
(0,4 a10).
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Obrazek 12 - Kvantifikace lipidi uvnitf bunék v priubéhu diferenciace

Viabilita bunék

Kromé mnozstvi akumulovanych lipidi byla v prubéhu diferenciace sledovana i viabilita
bunék pomoci metody Presto blue, jejimz principem je redukce modrého
nefluorescencniho resazurinu na rdzovy fluorescenéni resorufin mitochondriadlnimi enzymy
[Zalata et al., 1998]. Viabilita byla méfena vden 0 (40691,5 + 4153,14 relativnich
fluorescencnich jednotek, RFU), 4 (42660,75 + 3755,62 RFU), 10 (40616,95 + 5989,70
RFU) a 21 (46889,95 + 3756,07 RFU). V prubéhu diferenciacniho procesu nebyla
prokézéna statisticky vyznamnd rozdilnost ve viabilit¢ bunék. Souhrnné vysledky
zobrazuje obrazek 13.
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Obrazek 13 - Viabilita bunék v priibéhu diferenciace mérena pomoci
metody PrestoBlue

Fluorescen¢ni imunocytochemie

Jako marker zralosti adipocytll byl zvolen protein FABP4 (FABP — fatty acids binding
proteins). Jeho pfitomnost byla prokazdna pomoci fluorescen¢ni imunocytochemie u
diferencovanych buné€k, naopak na =zafatku diferenciace nebyla jeho pfitomnost
detekovana (obrazek 14 a 15).
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Obrazek 14 — Imunofluorescenc¢ni prikaz proteinu FABP4 v den 0 diferenciace

Legenda: modré barva — jadra; Zluta barva — FABP4 (Objektiv 4x).

Obrazek 15 — Imunofluorescencni priikaz proteinu FABP4 v den 21 diferenciace

Legenda: modra barva — jadra; Zluta barva — FABP4 (Objektiv 40x).
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Distribuce mitochondrii v buiice

V pribéhu diferenciace dochdzelo ke zméné distribuce mitochondrii uvnitf bunék.
V nediferencovanych bunkach vytvarely mitochondrie sit provazcovitého vzhledu
s centrem u jadra, naproti tomu u diferencovanych bunék byly mitochondrie soustiedény
zejména u jadra a tukovych kapének (obrazek 16).

Obrazek 16 - Mitochondrialni sit’ zvyraznéna pomoci barviva MitoTracker™

Legenda: 16A Distribuce mitochondrii u nediferencovanych mesenchymalnich kmenovych
bun¢k. 16B - D Zmény distribuce a mnoZstvi mitochondrii v den 4, 10 a 21 diferenciace.
(Objektiv 20x).
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Mitochondrialni membranovy potencial

K monitoraci funk¢éniho stavu mitochondrii bylo pouzito stanoveni mitochondridlniho
membranového potencidlu pomoci barviva JC-1 a to spektrofotometricky a pratokovou
cytometrii. Nizky mitochondridlni membranovy potencial je charakterizovany zelenou
fluorescenci a vysoky potencial naopak ¢ervenou. Vysledkem toho je, ze k mitochondridlni
depolarizaci vede pokles intenzity pomeéru cervené/zelené fluorescence. V pribéhu
diferenciace byl pozorovan postupny pokles tohoto poméru a to u spektrofotometrického
stanoveni (pomér 1,55 vden 4 a 0,24 v den 21) i pomoci prutokové cytometrie (pomér
3,19 vden4a2,33vden2l).

Kvantitativni stanoveni mRNA vybranych gent pomoci RT-PCR

U genu OCT4 monitorujiciho nediferencovany stav bunék byl pozorovan pokles exprese u
21. dne diferenciace oproti dnu 0 a 4 (obrazek 17). Opacny trend byl pozorovan u genii
PPARG a PPARGCIB monitorujicich diferenciaci. U téchto genid dochazelo
k postupnému zvysovani miry exprese (obrazek 18 a 19). Stejny trend byl pozorovén i u
gend souvisejicich s metabolismem glukdzy a lipida (obrazek 20, 21 a 22).
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Obrazek 17 - Zmény exprese genu OCT4 v prubéhu diferenciace
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Obrazek 18 - Zmény exprese genu PPARG v priibéhu diferenciace
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Obrazek 19 - Zmény exprese genu PPARGCI1B v pribéhu diferenciace
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Obrazek 20 - Zmény exprese genu INSR v prubéhu diferenciace
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Obrazek 21 - Zmény exprese genu AKT2 v pribéhu diferenciace
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Obrazek 22 - Zmény exprese geniit LIPE, ACLY a FASN v priibéhu diferenciace

Diskuze

Proces diferenciace mesenchymalnich kmenovych bunék derivovanych z tukové tkan¢ byl
sledovéan po dobu 21 dni. V pribéhu tohoto procesu byly hodnoceny morfologické zmény
bun¢k, jejich tvar, akumulované mnozstvi lipidl, viabilita, distribuce mitochondrii
v buiice, mitochondridlni membranovy potencial a zmény genové exprese.

V pribéhu diferenciace doSlo ke zmé&né morfologie bun€k a od 10. dne i1 k akumulaci
lipidd. Toto potvrzuji 1 cetné publikace, které rozdéluji diferenciaci adipocytl do
jednotlivych fazi. Na zacatku diferenciace dochazi ke ztraté vietenovitého tvaru a
k synchronizovani bunécného cyklu bungk, poté nasleduje jesté mirné mitotické zmnoZeni
bunék. Posledni fazi v priib&hu diferenciace je jiz zminéna akumulace tukii a formovani
tukové kapénky [Tang a Lane, 2012]. U zralych adipocytli byla prokézana piitomnost
FABP4 proteinu, coZ je c¢len skupiny proteini vazajicich mastné kyseliny, jejichz
spolecnou ulohou je absorpce, intracelularni transport a regulace metabolismu mastnych
kyselin. U proteinu FABP4 se pfedpoklada, Ze hraje kli¢ovou tlohu v jiz zminovaném
transportu mastnych kyselin, nejspiSe aktivuje hormon-senzitivni lipazu a tim napomaha
regulaci lipolyzy [Shen et al., 1999]. Pti zanctu tukové tkan€ se jeho mnozZstvi synergicky
zvySuje s leptinem, ktery stimuluje oxidaci mastnych kyselin a snizuje jejich celkovy
pfijem. S leptinem tak maji opacnou roli [Gan et al., 2015].

V priibéhu diferenciace maji dilezitou roli mitochondrie. Postupné dochdzi k zvySovani

jejich poctu. Dlivodem je nejspiSe to, ze kmenové bunky vyuzivaji pti tvorbé ATP na
rozdil od diferencovanych bunck pfednostné glykolyzu a rovné€z maji mensi spotiebu
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energie nez diferencované buiiky, z toho diivodu nejsou pravdépodobné tolik zavislé na
funkénich mitochondriich [Drehmer et al., 2016]. AvsSak po zahdjeni diferenciace a v jejim
pribé¢hu dochazi k narGstu potieby energie. Tato zména je kompenzovdna zvySenou
mitochondrialni biogenezi. Zda se, Ze zvySena mitochondrialni biogeneze je obecnym
znakem diferencovanych bunék [Hofmann et al.,, 2012]. Kromé& zmény v poctu
mitochondrii, dochézi i ke zméné jejich distribuce uvniti buitky. Tato zjiSténi potvrzuji i
dalsi prace zabyvajici se touto tématikou [Wilson-Fritch et al., 2003]. Vyznamné zmény u
mitochondrii byly pozorovany diky stanoveni mitochondridlntho membranového
potencialu. Diferenciace bun¢k vedla ke stavu depolarizace, coz je nejspiSe zplsobeno
nartistem exprese rozptahujicich proteint UCP1, UCP2 a UCP3. K jejich zvySené expresi
dochdzi vlivem nartstu regulatoru mitochondrialni biogeneze PPARGCI1B [Zhang et al.,
2013].

Multipotentni stav mesenchymalnich kmenovych bunék a jejich schopnost diferencovat
v adipocyty jsou fizeny mnoha transkripénimi faktory. Probihajici proces diferenciace byl
sledovan analyzou exprese gend, které hraji diilezitou roli v pribéhu vyvoje adipocytu
z mesenchymalni kmenové bunky. Byla analyzovana exprese genu OCT4 udrzujiciho
bunky v nediferencovaném stavu, genu fidicich adipocytarni diferenciaci — PPARG a
PPARGCIB a genti ovliviiyjicich drdhu insulinového receptoru a metabolismu lipida ve
vztahu k insulinové rezistenci — INSR, AKT2, ACLY, LIPE a FASN.

OCT4 urCuje nediferencovany stav kmenovych bunék. Je kliCovym regulatorem
transkripce nejen v embryogenezi, ale také v somatickych kmenovych bunikédch [Takahashi
a Yamanaka, 2006].

PPARG je ¢lenem skupiny jadernych receptord, coz jsou transkripéni faktory aktivované
ligandem. Je vysoce exprimovan v tukové tkani a hraje ustfedni roli v diferenciaci a zrani
adipocytii [Hoepner, 2019]. Podili se na patologii mnoha onemocnéni, véetné obezity,
diabetu, aterosklerdzy a rakoviny [Corrales et al., 2018].

PPARGCIB je indukovan béhem diferenciace bilych a hnédych adipocytl. Reguluje
mitochondrialni oxidativni fosforylaci. Vysoce reaguje na environmentalni podnéty a
ncékteré variace vtomto genu mohou zvySovat riziko rozvoje obezity a dalSich
metabolickych patologii [Liu a Lin, 2011].

INSR je glykoprotein s aktivitou tyrosinkindzy umistény na plazmatické membrang, jejimz
prostfednictvim jsou fizené Uc¢inky insulinu. Jeho aktivace vede k aktivaci AKT2 a dalSich
regulacnich genti (obrazek 23). Hraje zdsadni roli v adipogenezi v pribéhu embryogeneze.
V mys$im modelu bunék diferencujicich v adipocyty s vyfazenym genem pro INSR dochazi
k chybné akumulaci tukovych kapének a tak k chybné diferenciaci [Cignarelli et al., 2019].
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FASN katalyzuje de novo syntézu mastnych kyselin. Je exprimovédna v lipogennich
tkanich. Bézné je exprese FASN v normalnich bunkach nizka, protoze buiky ziskévaji
pottebné mastné kyseliny spiSe z diety nez lipogenezi. Bylo zjisténo, Ze exprese se zvysSuje
pfi nddorovych onemocnénich prostaty, prsu, tlustého stteva a plic. Kromé toho se FASN
podili na vzniku diabetu. Inhibitory FASN tak mohou potencialn¢ poskytovat moznost
1é¢by nékterych nadorovych onemocnéni, obezity, DM2T a poruch jater [Abdel-Magid,
2015].

ACLY je enzym zodpovédny za tvorbu cytosolického acetyl-CoA, ktery vznikd ze
sacharidi v mitochondriich a pro biosyntézu mastnych kyselin musi byt transportovan do
cytosolu. Tak ACLY spojuje metabolismus glukézy a syntézu mastnych kyselin [Chypre,
2012].

LIPE koduje hormon-senzitivni lipdzu zodpovédnou za Stépeni triglyceridii na mastné
kyseliny [Carmen, 2006].

INSR

™~

PPARG ACLY
LIPE
PPARGC1B FASN
Adipogeneze Lipolyza Syntéza mastnych kyselin

Obrazek 23 - Souvislost signalni drahy insulinu s adipogenezi a metabolismem lipidu,
upraveno dle [Pesta et al., 2018]
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4.2 Vysledky a diskuze vztahujici se k cili 2

V pribéhu 28denni diferenciace doslo ke statisticky vyznamnému sniZeni exprese genu
OCT4 v médiu obohaceném lipidy oproti samotného standardnimu diferencia¢nimu médiu
(obrazek 24). To znamenad, ze ptritomnost lipidd v médiu zptsobila zkraceni doby, kdy jsou
buniky v multipotentnim stavu a urychlila jejich diferenciaci. Naproti tomu kultivace v
médiu obohaceném o DDE vyznamné zvysila expresi OCT4. DDE obsazené v kultivacnim
médiu tedy zpasobilo zménu v programu diferenciace, a to tak, ze doslo k prodlouzeni
doby kmenovosti bunék.
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Obrazek 24 - Zmény exprese genu OCT4 v prubéhu diferenciace pod vlivem DDE
Legenda: M = diferenciaéni médium; M+R = diferenciacni médium s rozpoustédlem;

C1 = diferenciacni médium s DDE o ¢ = 0,1 pM; C2 = diferenciatni médium s DDE
o ¢ =1 uM; C3 = diferencia¢ni médium s DDE o ¢ =10 uM.

V pribéhu diferenciace bylo v Cistém diferenciaénim médiu pozorovano zvySeni exprese
PPARGCI1B a PPARG (obrazek 25 a 26). Oproti nému doslo ke statisticky vyznamnému
poklesu exprese téchto gent v diferenciaénim médiu obohaceném lipidy. V pfitomnosti
DDE o koncentraci 0,1 uM doslo do 10. dne prabehu diferenciace k vyznamnému zvyseni
exprese PPARGCI1B i PPARG.
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Obrazek 25 - Zmény exprese genu PPARGCI1B v priibéhu diferenciace pod vlivem
DDE

Legenda: M = diferenciaéni médium; M+R = diferenciani médium s rozpoustédlem;
C1 = diferenciacni médium s DDE o ¢ = 0,1 uM; C2 = diferenciaéni médium s DDE
o ¢ =1 uM; C3 = diferencia¢ni médium s DDE o ¢ =10 pM.
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Obrazek 26 - Zmény exprese genu PPARG v priibéhu diferenciace pod vlivem DDE

Legenda: M = diferenciacni médium; M+R = diferenciatni médium s rozpoustédlem,;
C1 = diferenciacni médium s DDE o ¢ = 0,1 pM; C2 = diferenciatni médium s DDE
o ¢ =1 uM; C3 = diferencia¢ni médium s DDE o ¢ =10 uM.
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V médiu obohaceném lipidy bylo ve srovnéni se standardnim diferencia¢nim médiem
zjisténo vyznamné snizeni exprese AKT2. Kultivace v médiu s DDE zptsobila vyrazné
zvyseni exprese INSR a AKT2, hlavné pfi nizsi koncentraci polutantu (obrazek 27 a 28).
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Obrazek 27 - Zmény exprese genu INSR v prubéhu diferenciace pod vlivem DDE

Legenda: M = diferenciaéni médium; M+R = diferenciani médium s rozpoustédlem;
C1 = diferenciacni médium s DDE o ¢ = 0,1 puM; C2 = diferenciatni médium s DDE
o ¢ =1 uM; C3 = diferencia¢ni médium s DDE o ¢ =10 pM.
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Obrazek 28 - Zmény exprese genu AKT?2 v pribéhu diferenciace pod vlivem DDE

Legenda: M = diferenciaéni médium; M+R = diferenciani médium s rozpoustédlem;
C1 = diferenciacni médium s DDE o ¢ = 0,1 uM; C2 = diferenciaéni médium s DDE
o ¢ =1 uM; C3 = diferencia¢ni médium s DDE o ¢ =10 pM.
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V diferenciaénim médiu obohaceném lipidy bylo ve srovndni se standardnim
diferenciaénim médiem pozorovano statisticky vyznamné snizeni exprese ACLY, FASN a
LIPE (obrazek 29, 30 a 31). Kultivace v médiu obsahujici DDE zvysila expresi FASN a
LIPE. U ACLY byl tento ucinek vyznamny pouze v koncentraci 0,1 uM. Je tieba
rozliSovat vliv DDE na metabolismus v pfitomnosti pfidanych lipidi a bez nich. Zatimco
exprese ACLY a LIPE se v pfitomnosti lipidi snizuje, DDE tento u¢inek mirné, ale
vyznamné, zmensuje. Exprese FASN je ovlivnéna prevazné DDE, a to vyrazngji v niz§ich

koncentracich.
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Obrazek 29 - Zmény exprese genu LIPE v pribéhu diferenciace pod vlivem DDE

Legenda: M = diferenciatni médium; M+R = diferencia¢ni médium s rozpoustédlem,;
C1 = diferenciacni médium s DDE o ¢ = 0,1 pM; C2 = diferenciatni médium s DDE
o ¢ =1 uM; C3 = diferenciacni médium s DDE o ¢ =10 uM.
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Obrazek 30 - Zmény exprese genu ACLY v pribéhu diferenciace pod vlivem DDE

Legenda: M = diferenciatni médium; M+R = diferenciani médium s rozpoustédlem;
C1 = diferenciacni médium s DDE o ¢ = 0,1 pM; C2 = diferenciaéni médium s DDE
o ¢ =1 uM; C3 = diferencia¢ni médium s DDE o ¢ =10 puM.
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Obrazek 31 - Zmény exprese genu FASN v pribéhu diferenciace pod vlivem DDE

Legenda: M = diferenciaéni médium; M+R = diferenciani médium s rozpoustédlem;
C1 = diferencia¢ni médium s DDE o ¢ = 0,1 uM; C2 = diferenciatni médium s DDE
o ¢ =1 uM; C3 = diferencia¢ni médium s DDE o ¢ =10 pM.
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Diskuze

DDE je metabolitem zndmého insekticidu DDT. Za objeveni insekticidnich u¢inkd DDT
ziskal v roce 1948 Paul Miiller Nobelovu cenu. Pivodné se pouzivalo jako insekticid k
potlaceni malérie, ale jeho pouziti velmi rychle rostlo. V roce 1972 jeho pouziti Spojené
staty americké zakazaly z divodu jeho nepfiznivych environmentalnich ucinkd. V roce
2001 se podepsanim Stockholmské konvence k tomuto rozhodnuti pfidaly i dalsi staty, ale
ptesto je DDT stale doporuc¢ovano WHO pro postiik vnitinich prostor jako prevence proti
malarii. Proto je také nadale vyrabéno [Elmore a La Merrill, 2019].

V soucasnych piehledovych ¢lancich a metaanalyzach jsou DDT a DDE klasifikovany
jako obezogeny a jsou asociovany s dalSimi onemocnénimi spojenymi s obezitou, a to
DM2T, Alzheimerovou chorobou a rakovinou. Mechanismus ptisobeni DDT nebo DDE,
ktery k témto onemocnénim vede, neni zatim vyfeSeny. Jednou hypotézou je, Ze se jednd o
latky poSkozujici mitochondridlni funkce [Elmore a La Merrill, 2019].

DDE je znamé jako bioakumulativni polutant s afinitou k tukové tkani. Dil¢im cilem této
prace bylo sledovat vliv DDE na proces diferenciace mesenchymalnich kmenovych bunék
v adipocyty a rovnéz jeho vliv na geny insulinové signalni drahy a lipidového
metabolismu.

Kultivace v médiu obsahujicim DDE vyznamné zvysila expresi OCT4. DDE obsazené v
kultivaénim médiu tedy zpiisobilo zménu v programu diferenciace, a to tak, ze udrzovalo
buiky déle v multipotentnim stavu. V souladu s timto zjisténim je prace dalSich autord,
ktera ukazuje proliferativni efekt DDE na preadipocyty a dalsi buniky [Chapados et al.,
2012; Aubé et al., 2011].

PPARGCIB je ¢lenem skupiny PGC-1, multifunkénich transkripénich koregulatori, kteti
pusobi jako “molekuldrni pfepinace” v mnoha metabolickych pochodech. PPARGCIB
reguluje mitochondridlni oxidativni metabolismus. Uldry et al. [2006] pozorovali, Ze
exprese PGCIB je vyvolana béhem diferenciace bilych a hnédych adipocyti. Vysledek
této prace ukazuje to samé, v prubchu diferenciace v diferenciatnim médiu doslo ke
zvyseni exprese PPARGCI1B, pod vlivem DDE jesté k vyraznéj$imu.

Je tfeba zminit, Ze bunky kultivované pod vlivem DDE vypadaly vizuadlné jako 1épe
prosperujici a diferencujici. Toto pozorovani je v souladu s vysledky pradce Mangum et al.
[2015], ackoliv ta byla provadéna na mysi bunééné linii 3T3-L1.

Bylo zjiSténo, Ze hyperinsulinemie v souvislosti s obezitou ovliviiuje zanét tukové tkané,
coz podporuje podminky, které potlacuji nejen lipogenezi adipocytl de novo stimulovanou
insulinem, ale i citlivost na insulin [Pedersen et al., 2015].
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Vzhledem k tomu, ze v médiu byla béhem kultivace vyssi koncentrace insulinu nez je
fyziologick4 norma, byly buriky pod stalou stimulaci insulinu, takZze by nemély reagovat
zvySenim exprese INSR. Pfesto byl naméfen vyrazny nariist exprese INSR a AKT2 v
v Cistém diferenciacnim médiu a v médiu obohaceném lipidy je exprese INSR relativné
nizka, expozice DDE zplsobila znacny nariist. ZvySeni exprese insulinového receptoru
tedy musi souviset s u¢inky DDE.

Kultivace v médiu obohaceném lipidy snizuje hodnoty transkripéniho faktoru AKT2, ktery
reguluje expresi FASN. DDE vsak radikalné méni tento Gcinek, protoze jeho ptitomnost
zpusobuje nadmérnou expresi FASN navzdory skutecnosti, Zze syntéza mastnych kyselin
neni v médiu bohatém na lipidy nutnd. V tomto smyslu DDE stimuluje syntézu mastnych
kyselin.

Ackoliv nebylo zaregistrovano vyznamné zvySeni exprese AKT2, bylo namétfeno zvySeni
exprese geni ACLY a FASN podilejicich se na lipogenezi, coz je povazovano za efekt
insulinu. To naznacuje jest¢ jiny mechanismus regulace téchto genl. Jednim z nich by
mohla byt inhibice transkripéni aktivity glukokortikoidniho jaderného receptoru
polutantem [Wilson et al., 2016].

Podobn¢ jako u genii podilejicich se na lipogenezi, zpisobilo DDE ptidané do
diferenciacniho média zvySeni exprese genu LIPE spojeného s metabolismem lipidi.
Ptitomnost lipida v diferenciacnim médiu snizilo expresi LIPE ve srovnani s expresi v
bunkach kultivovanych v ¢istém médiu. DDE tento efekt zmenSuje, v pritomnosti lipidi
syntézu lipida stimuluje.

PPARG je lipidy aktivovany transkripcni faktor regulujici geny zapojené v diferenciaci
adipocytll a metabolismu lipidl véetné FASN [Watanabe et al., 2003]. Pod vlivem DDE se
exprese PPARG zvySuje, coz ziejmé rovnéZ piispiva k pozorovanému zvySeni exprese
FASN. V dob¢ pln¢ diferenciace do adipocyti bylo pozorovano snizeni exprese PPARG v
bunécnych kulturach vystavenych lipidim. Pod vlivem DDE navic doslo v den 10 a 21 ke
zvysSeni exprese tohoto genu. Jednim z ucinki DDE je ziejmé urychleni diferenciace z
pohledu rychlej$iho dosazeni adipocytarnich znak.

Na zakladé hodnoceni exprese genli podilejicich se na syntéze lipidi a jeji regulaci se zda,
ze vliv DDE na diferencujici se adipocyty je podobny ucinku samotného insulinu, mimo
to, Zze zvysuje syntézu lipidd. Toto zjisténi je v souladu s epidemiologickou studii Tang-
Péronarda et al. [2015], kde byla vysokd expozice DDE pifed narozenim dana do
souvislosti s vysokymi hladinami insulinu u pétiletych divek. V kontextu tohoto je
zajimavy rovnéz vysledek Howella et al. [2014], ktefi zjistili, Ze expozice mysi DDE
zpusobila hyperglykémii, kterd nebyla zplsobena insulinovou resistenci. Ti sami autofi
uvadéji, Ze chronickd expozice DDE navzdory pocateéni hyperglykémii vede k
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normalizaci glykémie. Zda se, ze tato normalizace hladin glukézy je vysledkem zvysSené
citlivosti na insulin.

Pod vlivem DDE vzristajici exprese téchto genti vede k syntéze mastnych kyselin. La
Merrill et al. [2014] popisuje, ze vystaveni mysi pesticidu DDE vedlo ke zvySeni télesného
tuku u jejich potomkd.

Kim et al. [2016] publikovali vysledky studie efektu DDT a DDE na diferenciaci adipocyti
a metabolismus lipidi. Jako adipocytarni model pouzili mysi linii 3T3-L1 a DDE
rozpoustéli v dimethylsulfoxidu. Analyzovali expresi PPARG, FASN, ACLY a LIPE a
rovnéz pozorovali vyssi expresi téchto genii v bunikach vystavenych DDE.

Pestana et al. [2017] popisovali efekty expozice DDE na my$i Wistar. Shrnuli, ze
vystaveni DDE pfispiva k rozvoji metabolického syndromu a obezit¢.
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5 ZAVERY
5.1 Zavéry vztahujici se k cili 1

V pribéhu diferenciace byly pozorovany morfologické zmény mesenchymalnich bunék,
kdy se buiiky typického protdhlého vietenovitého tvaru meénily na adipocyty vyplnéné
tukovymi kapénkami. Tyto zmény byly fotodokumentovany ve stanovené dny — 0, 4, 10 a
21. Po 10. dni diferenciace doSlo k nejvétsSimu nartistu velikosti tukovych kapének uvnitf
dozréavajicich adipocytt a 21. den pak jiz tukové kapénky vypliiovaly znacnou Cast buiiky.
Toto bylo potvrzeno i1 barvenim Oil Red O, pomoci n€¢hoz byly tukové kapénky
vizualizovany, ve spojeni s kvantifikaci zachyceného barviva jeho spektrofotometrickym
méfenim.

Diferenciace mesenchymalnich bunék v adipocyty byla potvrzena fluorescen¢ni
imunocytochemii, kde byl jako marker pouzit specificky protein fatty acid binding protein
4 (FABP4). Tento cytoplazmaticky protein je exprimovany pievazné v adipocytech a jeho
funkei je vychytavani mastnych kyselin s dlouhym fetézcem a jejich transport a
metabolismus.

Pomoci metody PrestoBlue™ Cell Viability Reagent byla stanovovéana viabilita bun¢k,
kdy vyssi hodnota fluorescence koreluje s vyssi celkovou metabolickou aktivitou bunék.
V pribéhu diferenciace nebyly pozorovany signifikantni zmény v bunééné viabilit¢.
Dulezitou roli hraji ve zrajicim adipocytu mitochondrie. Postupné dochazi ke zvySovani
jejich poctu a ke zméné jejich distribuce uvniti buiikky. To je v souladu s navySovanim
metabolismu buiiky.

K monitoraci funk¢éniho stavu mitochondrii bylo pouzito stanoveni mitochondridlniho
membranového potencidlu spektrofotometricky pomoci barviva JC-1 a prutokovou
cytometrii. V pribéhu diferenciace byl v obou ptipadech pozorovan pokles poméru
cervené/zelené fluorescence. To je nejspiSe zplisobeno zvySenou expresi rozprahujicich
proteinti skupiny UCP zpiisobenou nartistem mitochondridlni biogeneze v pribéhu
diferenciace bunék, coz vede ke stavu depolarizace mitochondridlni membrany.

Genovou expresi vybranych genti RT-PCR byla rovnéZz potvrzena diferenciace
mesenchymalnich kmenovych bunék v adipocyty. Exprese genu OCT4 udrzujiciho buniky
v multipotentnim stavu v pribéhu diferenciace klesa, jak buiiky opousteji multipotentni
stav a ztraceji schopnost proliferace. Naproti tomu geny fidici diferenciaci v adipocyty
(PPARG a PPARGCIB) a geny metabolismu lipidd a insulinové signalni drahy (INSR,
AKT2, ACLY, LIPE, FASN) v prib¢hu diferenciace rostou, tak jak se kmenova bunka
postupné méni na adipocyt vykonavajici konkrétni metabolické funkce.
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5.2 Zavéry vztahujici se k cili 2

Ptidani lipidit do diferenciacniho média simulujici nutricné toxické prostiedi statisticky
vyznamné snizuje u diferencujicich se adipocyti z hADMSC expresi genti regulujicich
adipogenezi, predev§im OCT4, PPARG a PPARGCIB.

Expozice DDE zvysuje statisticky vyznamné expresi INSR, AKT2, véetné LIPE, ACLY a
FASN oproti diferencia¢nimu médiu s pfidanymi lipidy, to ukazuje na narusené regulacni
mechanismy v bunkéach. Lipidovy metabolismus se zvySuje, je syntetizovano vice
triglyceridii, mize se tak snaze rozvijet obezita a metabolickd onemocnéni, kterd souviseji
s insulinovou signalni drdhou, kdy se u¢inek DDE podoba ucinku insulinu.

Expozice DDE tedy méni diferenciaci adipocyti a zvySuje metabolismus lipida
v pritomnosti nutriéné toxického prostredi zatéze lipidy. Je tak naruSeno uskladiovani
lipidd uvnitt tukovych kapének, snizena adaptacni funkce zrajiciho adipocytu na vnéjsi
zatéz tukem a zdliraznéna insulinova signalni draha. Pro vysledny zdravotni efekt je pak
béhem diferenciace adipocytu rozhodujici koncentrace polutantd a jejich vzdjemné
namixovani. Tyto zmény na molekularni urovni adipocytu pak mohou ménit funkéni
zdatnost tukové tkdn¢ a prispivat nejen k obezité, ale zejména k jejim metabolickym
komplikacim ve formé insulinové rezistence.

Tato prace tak potvrzuje nazory, ze perzistentni organické polutanty nejsou v tukové tkani
pouze pasivné uloZeny, ale Ze aktivné vstupuji do metabolickych funkci a narusuji je.
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5.3 Zavéry pro praxi a vyhled do budoucna

Tukova tkan mé kromé funkce skladovani energie i dalsi funkce, a to funkci endokrinni a
imunitni. V soucasné dobé by jeji dalsi vyzkum na molekuldrni urovni mohl pfinést dalsi
poznatky, které ptispgji k 1écbé obezity a jejich mnohych komplikaci. Z toho vyplyva
rovnéz potiebny vyzkum tukové kapénky, nebot’ pochopeni jejich zakladnich biologickych
vlastnosti, jejich vztahti k ostatnim organeldm, a mechanismd, které v ni probihaji, by mohl
osvétlit fadu patologickych stavii a poskytnout nové molekularni cile pro terapii.

Rovnéz lepsi porozuméni stimulace aktivity hnédych a bézovych adipocyti béhem
télesného cviceni by mohlo také pomoci s bojem proti obezité, a zlepsit tak metabolické
zdravi.

Obezita je v soucasné dobé celosvétovym zdravotnim problémem, kterému lze preventivné
pfedchézet. LepSim pochopenim vSech fyziologickym dé&im vedoucim k tomuto
onemocnéni by tak mohlo zamezit nes¢etnym ekonomickym ztratdm, které jsou spojené
s lécbou a pracovni neschopnosti. Souc¢asné metody 1écby obezity zahrnuji dietoterapii,
programy fyzické aktivity, psychologickou podporu, farmakoterapii a chirurgickou 1écbu
(bariatrické operace). Nutna je velkd motivace pacienta zmenit cely sviyj Zivotni styl.

Funkce tukové tkan€ mize byt narusSena i chemickymi latkami ze zivotniho prostiedi. Tzv.
endokrinni disruptory mohou vznik obezity a jejich komplikaci podporovat. Vyzkum
patologickych efektl téchto latek by mohl rovnéz pomoci v prevenci téchto onemocnéni.
K tomu se ovSem poji ochrana zivotniho prostiedi, snaha tyto latky v béZném Zivoté
pouZivat co nejméng.
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SUMMARY

Aim; Persistent crganochlorine pollutants (POPs) from the environment are sfill bicaccurmulating in human fissues. The aim of our study was
io analyze the development of plasma POPs levels in obese women in relationship with ther weight loss success in five year follow-up study.

Methods: 20 obese women aged 2573 years were studied just before and after having completed a 3 month controlled low calore dist (LCD)
intervention (5 MJ daily), and again after & and 60 months since the beginning of the study. Body weight and plasma levels of T POPs were
measured: pofychionnated biphenyls (PCB) 153, 138, 180; 2 2-bes{4-chiorophenyf)-1,1,1-frichloroethylens (pp'-DOE); 2 2-bis{4-chiorogheny)-
1,1,1-michloroethane (pp’-D0T), hexachlorocyclobenzene (HCB), hexachlorocydohexans B (HCH B).

Fesults: Data chows that after 3 months of a completely controlled resfrictive dist regimen, the weight loss was associated with an increase in
POP plazma levels. However, after a five year follow-up, there were no differences in POPs plasma levels between those who kept losing weight or
maintained the inital weight (WLM) and the group of weight gainers (W), exceptfor HCB where the WG had a significantly higher level (p = 0.05).

Conclusions: These recults suggest that contrary o the long-term weight gain, the long-term weight lozs or weight mainfenance caused by diet

restriction ks associated with lower plasma levels of HCE.

Key words: persistent organic pollutants, hexachiorocyclobenzene, low calorie dist, body weight changes
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INTRODUCTION

Persistent ine pollutants (FOPs), organochlorine
pesticides and polychlorinated biphenyls (PCBs) are synthetic
chermcals that have been released mto the emvironment in hun-
dreds of mefric tons for many vears and have been used m drverse
apphications such as industry and agrienlture. Althoush they were
banned in most countries, themr residues are stll widespread in
the enmvronment Because of thew hgh hpophibicity and strue-
tural stabality, they still can be found accwmlated m biological
systems. They show a carcinogeme and an endocnne dismaphion
potential. Recenily, based on epidemiclogical sindies, there has
been concern about their speculated association with metabohc
disturbances like dibetes mellius type 2, rtheumatoid artheitis,
disturbances of cognitve function, ete. Contaminated food, es-
pecially fatty fish meat and mulk products, 15 sill a main source
of the exposure of general population (1).

Among chlonnated pesticides, p.p -DDT has been used most
extensively. Its metabolite p.p -DDE together with hexachloro-
cyclobenzene (HCB) are, at the present day, the most fraquently
prevalent residuss m the adipose fissue of bunans (2).

PCBs form a subgroup of halogenzted aromatic bydrocarbons.
There are theoretically 209 smgle congeners. They have been

used, to a great extent, m diverse techmcal applications from the
1930s to the 1970s (3). Despite production bans in many mdns-
tr1al counines m the 19705 and 1980z, about 113 different PCB
congeners were stll detectable in the ervironment m 1998 (4).
Thewr concentration in nman tissue 15 generally monitored by
using examinzfions of himan breast mmlk and data from Ewrope
show their decreased concentration. “Mon-dicean-hike’ PCE 153,
138, and 130 are the main conpeners which show the highest
concentrafion and are most frequently found m breast mlk (5).
In the former Czechoslovakia, PCB was marketed as techmical
mixtures under the trade name “Thelor”™ produced m the amount
of about 21,500 tons in Eastern Slovakia from 1959 to 1984,
when the production was finally abohshed (6). About 11,600 tons
ware used mside the former Crechoslovakia (7). Therefore, the
indusinal ameas of the Czech Fepublic have one of the lughest
PCE burdens of all European counfries ().

After luman exposure, POPs are accummlated i the body,
especially in the adipose tissue. They have relatively long half-
lives before disappearing from the tissue or from the body. The
habats, and the quality and quantity of POPs in avalable food) and
on mdnidual disposition to store these substances (Zenetic traats
and size of adipose tissue and its dynamue changes) (%). Their
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distbution in the body is affected by changes in body weight.
Weight loss resulted 1n an zcute merease of thesr concentrahon
in reduced adipose ftissue, brain, and serumplasma without
changing the total amount, as 1 was documented i case of hax-
achlororyclobexane (HCH) (10). However, dramatic weight loss,
which ocowred as 2 consequence of banatme surgery treatment,
showed not only an increased level of serum and adipose tissue
POP: concentrations together with a reduced amount of white
adipose fizsue, but a decreased total body burden for POPs after
12 months post-surgery as well (11). The objectve of our study
was to anzlyvee m five year follow up study the development of
plazma POPs levels m obese women n relazhonshp to thew weght
loss muecess, caused by restmetrve diet regomen

MATERTALS AND METHODS

Twenty obese adult women, aged 2573 vears (BMI=30 kg/
o’} were randomly selected from the patents of the Centre for
Obesity Treatment (Faculty Hospital m Pilsen, Czech Fepubhc)
during their first visit m 2006, Informed consent was obtzmed
from all patients mvobed m the study. Anthropometry: body
weight (BW) and heizht were measured, and a plasma analysis
of 7 POPs (p,p’-DDE, p,p"-DDT, HCB, HCH B, PCE 153, 138,
1807 was performed 1n all the subjects. Obese pahents were stud-
1ed just before (Tome 1, T1} and after the 3 month (Time 2, T2}
of low calone diet (LCD) mterverton {5 MT daly, protein 20%
of total energy, fat 25-30%0 of total energy). Their dianes were
checked on a monthly basis using mutitional softerare MutnDan
12 (DADILtd , Pilsen 2002, Czech Republic). After that period
they were mstructed to confinue their diet and were checked
again & months (Time 3, T3) and 60 months (Time 4, T4} after
the bepmmmg of the study.

Wenous blood was collected in time T1, T2, T3, and T4 from
fasted (12 hours) subjects between 7.00 am and 10,00 am
Plazma zamples were drvided mio 30 ul abquots and stored at

—B0°C for subsequent analy=is of PCB 153, 138, 180, pp -DDE,
pp -DDT, HCH B and HCE. Plasma levels of these pollutants
were determined by a high resolufion gas chromatosraphy with
electron capture detection (HREGC/WECD: Amlent Technolomes
6890 Senes, Palo Alto, CA TUSA), Capillary Column DB-5 (0.25
mmx 60 m= 023 pm); J&W Scientific, USA(12). The values (in
ng'kg fat) of the detection lomit (LODY) were the followmz: PCB
153 (=20}, PCB 138 (=60), PCB 180 (=40); p.p"-DDE (= 10);
p.p -DDT (=30), HCB (=20), HCH B (=40).

Statistics

POPs concentranon values below the detection himit were
treated as one-half the value of the detection limt (LOLY). The
descriptive statistics including the median and range {(Tuminmm
—maximumn) were calculated only for the congeners detected in
at least 5076 of samples.

Drue to the not normal distnbution of most of the examimed
vanables, the non-parametne Wilcoxon Rank -Sum Test was per-
formed to compare the POP concentration increase durng a 60
meonth penod between WG and WL groups. All statistical com-
putations were performed wath the MATTAB Statistics Toolbaox.

Je certify that all appheable msbtutonal and Fovernmental
regulations concerning the ethieal use of human volintesrs were
followed dunng this research The approval of the protocol
exammation was authorized by the Medical School and Faculty
Hespatal Ethues Committes m Palsen.

EESULTS

Bazic charactenistics of plasma concentration development
of each measured POP i whole sample duning the five-vear fol-
low up are summarized in Table 1, BW development m Table 2.
Dhong thes time, 1.6, from 2006 to 2011, only plasma levels of
HCH B and DDT decreased. The median and range of all others

Table 1. Development of piasma concenfrafion of PCB congeners and chiarinafed pesticidea/mefabolites; (n=20)

m T2 T3 T4
[ 20 BT 350 230
20-2 380 1404 370 170-3,350 100240
175 23 270 933
A 10-820 407 247 120-1,570 1004 470
. 160 385 v 1,435
rp-II0E 5700 100-1,500 150-1.490 210-8,180
0007 25 46 41 100
251,740 37610 41-40 100-290
F— 30 150 160 705
30140 BO-340 10-330 350-1,110
140 150 205 TBD
e 10-500 BO-E20 130420 280-1,760
8180 20 o 1] TB3
20140 B0-180 TO-230 150-1,520

Medlan; minimum—masimum, expressed in ng'kg, T1 - Inltial measurement, prior diet restriclion, T2 — measwrement after 3 mornths of LED Imtenvention, T3 -
measurement after & months from the beginning of the study, T4 — measurement after &0 months from the beginning of the siudy
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Table 2. Development of body weight

™ T2 T3 T4
1082 1016 ] 1028
8281305 ™T-1185 T+113 Te1204

Median, minimum—maximum, expressed In kg, T1 — Infial measurement, prior
diet restrichion, T2 — measurement afier 3 months of LCD Intervenion, T3 -
measurement afier & momths from the beginning of the sthedy, T4 — measurament
after 60 months from the beginning of the study

exammed POPs increased. The lughest plasma levels detected
were DDE and HCE (Fig. 1). The medians of HCE and DDE
are alzo depicted as the central line in the box plots in Figure 3.

To show the dependency of the increase of pollutant concen-
trzfion between T4 a Tl on relative weight srowth, the lmear
regression of the merease of pollutant concentration (POP, -
POF, - 10F on relative weight growth (BW,—BW, VBW,,- 100
15 represented i Fig. 2.

Depending on body weight difference between time 4 and
tme 1, the sample was divided into two coborts: women whose
BW decreased or remained relatively stable (BW, ~-BW, =1.5
kg) (weight losers'maintamers — WLM, N=11}; and the others
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{weight gainers Wi, N=9). WL/M had lower plasma level of
HCB mn comparison to WG m T4 (p<0.05), although they did not
differm T1 (Table 2, Fiz. 3). A spular tendency, however without
statistical mgmificanca (p=0.1), was also observed in DDE. Somes
tendency was also observed for other POP's but wathout stahstical
sigmficance {p>=0.1). These results suggest that long term weight
loss or weight maintenance tend to be poatrely associated with
a lower plasma level of HCB contrary to the HCB plasma level
in weight Famers.

DISCTUSSION

Dunng a five years follow up stady from 2006 to 2011, thers
were increased medians levels of 5 from 7 exanuned POPs.
Many studies confirmed age as a predictor of POPs levels (13,
14}. In case of body weight and body composiion mamtenance,
the increase of POPs plasma levels 1= the result of an imbalance
between mereased body burden from everyday exposme to food
and their slower degradation and elimination from the body. Tak-
ing mto account that bielogical half-trme of many POPs 15 around
ten years; there 15 a hugh probability of an acoummlation of these
FOPs m the body, espectally in hpophilic issue. Intergensration
differences along with the gradual reduction of body burden. reflect
a gradual decrease of background exposure from the emviromment
as 3 result of the Stockhobn Convention (13). It depends= on the
amount of particular POP which has been released mto the emaron-
meent znd also on its chemical properhies for degradation. Based
on our data, enly DDT and HCH B have been reduced dums the
five-vear fallow up study. The situation in POPs body distibution
15 more compheated wath the changng of the fat'fat-free mass
compartments, as it ocours with the development of overweight
and obemity. There are studes which suggest an mverse association
between PCE levels and BMI zam over the last ten vears (16). On
the other hand weight loss, and especially drastic weight loss, 1=
assoclated with mereased plazma’senum levels m the liver, bram,
and 1m a reduced size of white adipose fissue. The knowledge of
the=s dynamics along with total POPs body burden development
15 very mportant for an obesity treatment strategy:

CONCLUSION

The resulis of our study, where the subjects tned to keep life-
style modification based on energy and totzl fat restcthon in ther
diet, show that after 3 months of completely controlled regime,
the weight loss was associated with an inerease in POP plasma
levels. However, after the five-vear follow up, there were no duf-
ferences in POPs plasma levels betwreen the group of long-term
successful WL and the group of WG, except for HCB where
the W& had a sigmaficantly hizher level.
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VLIV PERZISTENTNICH ORGANICKYCH POLUT ANTU!
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Dhzah

Lrvod

Perzstenind orgamcks polutanty

Mitochondne a jeji finkce

Mitochondnalnd dysfunkee 2 s mnu asociovana
onemaocnéni

Zancér

B L b=

Ln

.Uvod

Perzstentnd orgamcke polmant_'; (P‘DP} jzeu bacaku-
pmlativni Bithky, tomicke pro organismy’. Jejich degradace
v Hvomim prostiedi je pomali — polofas rozpadu v padé
ze pohybuje v FHdu pékolika roki af desitek let. Jsou sou-
éasti herbieidh, insekticidl, primmy=lovych vwirobkh & pri-
myvslovich odpadi. Tsou odolné viki fotolvhické degradac
&1 jiné chemické nebo biologické pleméné a produkty
vzmkajicl jejick rozkladem jsou rovnéZ permstentni a to-
xické. Do hdzkého organizmm se dostavajl predeviim po-
travon. ProtoZe jsou lipofiln, jsou transportovany krd ve
vazbé na hpoprotemy a ukladany do tukove thané flovaka.
Bly provedeny studie, ktere dokladayi, Ze vomk nékterych
onemocnéni souvisi se sérovou koncentraci téchto toxe-
kych latek”. Moz tato onemocnéni fadime 1 diabetes melli-
tus 2. tvpu (DM2T), spojeny s obeztou. Jedna se o cmali-
zaéni onemocnéni, jeho viskyt celosvétové varisti nejen
u deospélych, ale stile fastén poshhwe 1mladé jedince
a dokonce déti. Za hlavni pfidmy naristu obezity a meta-
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huh.ck}th onemocnéni e v soudasné dobé povaiuje obem-
gEl:lm Zvotni prostiedi a Zvetmi styl Eloveka, charakterizo-
vany snizenou fyzckou aktivitou a relativnim nadbyvtkem
kaloncky denzmi potravy. Obezmta je Gaste sdrufena
15 daliim deprovodnym onemocnénirm jako je hyvperten-
ze, dyshiprderme kardiovaskulami onemocném, v klimcks
medicing souhimné ormaéované jako kardm—menbuhckj-
syndrom”. V soufasne dobé jsow viak stale viee diskutova-
oy i dalE hypotézy vlivu t=v. obezogeni & metabolicksch
dm:ptnm, tedy chemmckyeh latek ze zevmiho pru-'tredl.
kieré ze mohou spolupodilet jak na adipogenen. tak ma
metabolickyeh poruchach af’ 1% ve viastm tukove tham, ve
;T.alﬂ.._]a.h'&chadalsmh organech. Mem tyto latky pati
1 perzistenind organicke pohitanty.

2. Perzistentni organickeé polutanty

Do skupiny perzistentnich orgamickich polutanti
(POP) se Tadi velké mnoZstvi latek, jako jzou: i) polychlo-
rovane pesteidy (OCF), i) pelychlorovans bifenyly
(PCB), di) pobrchlorovane dioxiny a dibenzofirany
(PCDD a PCDF), &) bromovane zhatede hotens (BFE),
a v} dalii nezafazene POP, kam patfi 1 nékteré polyarcma-
ticke uhlovediky (PALT), pol}rchlncrmané n-alkany (LCCF)
pouzivane od 80. let 20. stoleti jako nahrazka PCB, nékbe-
ré organociméite latky (mbutylin tiferylhn), perfluoroo-
ctansulforylfiuorid a jeho soli.

Jedna e o latky ]ipoﬁl:ﬁ]:.udlmkmkmé 58 vaE
v tukewd thin orgamismi, pncemz vzhledem k jejich bioa-
kumomlaémim vlasmostem jsou nejvice chrofenn predatodi,
tedy orgamsmy na vicholu potravntho fetézee, V hdském
téle ze POP npachizi nejvice viukove tham (tab. I,
v mateizkém mléce, mozku, nadledvinich a jatrech'.
WV rostlinach se ve vétii mife nekoncentruji, nadzemmni Eash
rostlin vwiak mohou bit mnefistény phdow, dedfovou vodou
nebo pesticady™ .

Hlavmi ceston pripmu POP je pro Slovéka kontapuno-
vana potrava. Jedni se zejmema o petavu Zvodiinsho
pivodu — tufné ryby, maso, mléko, mlééné wirobky a vej-
ce’. Na obsah POP jsou hygienickimy normam kladena
velmi piisna knteria. Mez dalii moims vstrebavact cesty
patil mhalace 3 devmalni cesta.

POP fadime men latky conatované jake t=v. endo-
knmni disruptory (modulatory). Jejich némkem je podkozo-
van frmologicky embrvonalni vive). U dospéleho Sloveka
nariuji jeho reprodukéni schopneost’, ovininji zejmeéna
procesy Iizené estogeny a androgeny tim, e agomzujl
pebo nacpak antagonizuji jepich fyzologické funkee
W soufasné dobé se také zvaiuje jejich moiné plscbeni
jako obezogeni a metabolickich disruptort, 4. litek podi-
lejicich se na vzniku obezity a jejich komorbidit, zejména
v podobé poruchy menhnove remistence a vywoje DMIT.
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Tabulka I

Peferat

Piehled skupin perzistentnich ergamckych polutanti a jejich obsah v bilé tukove thini

Skupina POP Machazene koncentrace Lat.
median [ng'z tulu] rozmezi [ng/g tulu]

Polychlorovane bifewyply (PCE)

PCB (suma 35 kong ) 21 286-1802 39

PCB 153 438 - 40

Ovganochlorovane pesticidy (OCFP)

OCP (suma 7 pesticidi) * 1003 - 41

4 4'TDE 567 3.5-3229 41

DDT 290 47-2802 39

Bremaovane chaiece horeni (BFR}

PBDE: {polvbromovane difenylethery) 2627 - 42
visceralni /subkutanm tuk

HBCD (hexabromeyklododekan) 40037 - 42
visceralni /subkutanm tuk

Polychlarovane dioxiny a dibenzefurany (PCDD a PCDF)

PCDDs a PCDF 00146 0,0033-0.0554 43

*4 A'DDE, hexachlorobenzen, 4.4 DDT, 4 4’ DDD, pentachlorobenzen beta a gamma-hexachloroeyvklohexan

Jednou z novich hypotéz moiného plisobend je ovinméni
enrymm gama-ghitanmylransferasy (GGT), ktery se podili

na piencsu aminokyselin = extracelnlimibo do
bufiky" za vyusiti glu.taﬂnunu {obr. 1). Gama-glutamyl-
transferasa je enzym zprcr'tredkmmajml transport amiTio-
kyselm a mékterjch peptidi pfes bhuméfnou membrinn
z extracelulam tekutiny do bunék. Machazi se ve thamich
ktereé se podile)l na absorper 2 sekecy. Uplathumje se phn
degradac karc:mugem.l axenobiobk. Doncrem gama-
glutamrvlovebo zbvtku je tipephd glutzhon, kterv chram
OIZANISINES predi:u:udamlm stresem.

Mékters studie popisgi uw obémnich hdi vztah me=n
mviienou sérovon bladmen GGT a venikem DM2T, zatim-
co nizké nebo normalni hladmy GGT vemk DM2T nepred
povidajl. Pokud jde o piedpovéd DM2T +wzhledem
k sérove aktivaté GGT, zda se, Ze viiend hlading POP ma
na tufe skutefnost vwii1 vhiv nez vlastm obezitz, a tedy Ze
POP ulogene v fukove tham mxohon ot zasadmi vyemam
k pochopeni patoEEueze DM2T a vzmku mrulinevé rezis-
tence (obr. 2, cit. ).

Mam da.|51 nizmka spojovanid = plsobenim POP patfi
1 nékteré dalfi eivibizaéni choroby jako jsou nadorova one-
mocnéni, hyvpertenza, kardlma;kula.lmnmml‘ ale 1 ato-
picki dermatitida nebo revmatoidnd artritida"®.

Vzhledem k tomu, Ze tyto latky jsou dalkows transpor-
tovany ovzdusin piEa]:Luji{rim hramice stati, jsou detego-
vany 1 v Arkhde a Antarkfide, tedy v oblastech tisice klo-
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memi vedilenych od pinvodniho zdroje meéisténi, ma
jench '..'_|.'rsk3‘r zavainé dopady naz Avolml prostiedi cels
plmety®. T ovzdudi, kde se nrsk}‘m,u adsorbované na pra-
chové nebo aerosolové éastice, se dﬂ‘:ﬂ"’.?jl do pidy a do
wvody, cmuzkumammuppmmretme

IE]IE]:I. toxicita zavisi na mnoha pmm&unfrcb., vietné
typu, struktury, davky a cesté expozice. Vizhum nammadu-
je. 22 mechamsmy toxicity jsou multifaktonalni a vyusiva-
jijak aktivac: pres Ab receptor (ARR), tzk 1 dalil nezavisls
mechanismry plisobeni. AR je hzandem aktvovamy tran-
sknpém faktor podilejici se na regulacl gencveé expresa,
kterd mi%e byt pit vazbé POP na tento receptor narufena.
Pledpoklada se, #2 POP se vife na receptor a poté je trans-
portovan do jadra, kde indukuje zmény v genové expresi
Byvlo zjifténo, Ze tak dochd=i k indukel napf. CY'P—'H'I:I neba
glukuronyltansferasy & ghitathiontansfarasy' '

Protoze se jedna o latky vysoce tosacke, je snaha
o jejich elimunact v Zivetnim prostredi. th-m: dinvodu
byla 23. 5. 2001 podepsana zavarna memmarodni doboda,
Stockholmska konvence, ktera wstoupala v tifinnost v roce
2004, Jejim cilem je omezovini a smfovani vyvpousStén
emsi vwbranych POP. Umbivu ratifikovalo 178 zemd svéta
a Evropska wmie'”. V soufasné dobé je na seznamu této
dohedy 23 permstentmich latek.

Polychlorované pesticidy byly vyuEivany pro sve
biocidni wémky v zemédélsti po fadu let. PrestoZe bylo
jejich pouzivam zakazano ve wvéthné zemi v 7. letech
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Tbr. 1. Nova pisobeni  emwrymu  gama-

hypotéza
glotamyliransferasy  (GGT) ma  plenos  aminokyselin
z m:racnlnl:'rn.ih prostorn do buily za vruditl glutathionw

ANDT rzelina  pebo  peptid, GGT
ghitanmylransferasa, GLU-CYS-GLY — glutathion, GLU-AME -
gamz-ghotantylaminckyseling, CYVS-GLY — cysteinylglycin, GLIT
-CY5 — gams-glutsnryloystein, LT — glutsmona kysaline, CY5
— cystein, GLY - ghycin

munuleho stoleti, jejich rexidua json dosud pritomnz v pro-
stiedi ve velkém mnoZstil, jedna se zejmeéna o DDE (2. 2-
-bis(d-chlorfenyi}-1, | -dichlorethan), kterv je metabolitem
DDT (2 2-bis(4-chlorfenyl)-1,1, 1-tnchlorethan). Tento
metabolit se stale vyskyvtuje ve vysokeém zastc‘upem
iviukeove tham &lovéka, PCE byly Sioce vyuEmvany
v nejrizméjiich techmickych aplikacich, téchto latek je pies
200 nizmych kongeneri, které se podle své tosicrty déli na
lz'iikv bez anebo s dioxmovym oémkem VW soudasne dobé
:I:I.Ej'ﬂv:E zastoupené kongenery v tukove tham &lovika
rskebo dobytka patii: PCB 153, 138, 180, 170,
113 156. Vy=oky pofet anabyhckych zachvru ®e dile za-
rnamenivan revnéz u pp -DDT, o p-DDE 2 hexachlorben-
zemu'®. PCB vykamuji neurotmd{:ké: teratogennd a karcino-
genni Binky.

Dhomxiny a dibenzofirany vemka) nejéastén ph spalo-
vacich procesech. Jejich primyslova viroba byla iz zaka-
zina. 210 kongener jich 29 vvkamme padubnou chemie-
kou strukfou a tosacks visstnost jako dioxm (2.3,7 B-tetra-
chloredibenzo-p-dican, TCDD).
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Mez hlavni nezadouct néinky dioxmeve tomicity pro
cloviéka patil pofkozeni vivoje plodn, zhorfend mmumty,
endometnoza @ karcenogensre. Podle Evropskeho wradu
pro bezpeénost potravin (EFSA — European Food Safety
Authority) vykazwi také zvyienéd nzike vzmku DM2T
a kardiovaskulamich onemocném. WV téchto piipadech se
jedna o nzika spojena s chromeckou expozicl nizkim dav-
kam Nz druhe strané akuimi expemce vyscke davee vede
k zkutni ofravé s projevy dramatickeho poklesu télesne
hmotnost, kednim prejevy, jako je byperpizmentace
a chlorakne, ev. a2 k ot

Bromované zpomalovade hofeni kontammovaly pro-
stiedi teprve nedidvne. Jsou piidéviny de mnoha wrobki
5 ellem zabramit bofend.

3. Mitochondrie a jeji funkee

Mitochondre je konstantnd membranova organela
viech Zvodinyeh bunik. Jejnch pofet a vehkost sowvisi
sh'pemblmk_'; a intenzytou funkel kterou v busice vwkona-
vajl, mohou fak zawimat az 20 % objemm bunky. Jench
pur.'udn&mdn"ud zeelz jednomnadné objasnén”. Pievaiuje
wviak mazor, Ze vrzmkajl samostainé a jsou v symbidze
5 ostatnini éastma eukaryoticks busiky, protofe obsahuyi
malé mnozstil vlasmi kmabove DMA a vwkamji rysy po-
dobné bakteriim™ ', PfestoZe je tvar a velikost mitochon-
drii Tnafné rirmorody, jejich vnitind struktura je stile stej-
na. Je tvotena étyinu kompartmeenty — vné)il membranon,
mermmembrinovim  prostorem.  voifind | membrdnou
2 matrix’

Z blediska funkee lze povafovat fufo crganehn jako
jedou z nepostradatelnych. Mitochondrie md + bufice fadu
fimkei, ale nejdilesigs je msk a uvolfovand enerzle pro
tirmost bufiky. Tvorba energie probiha systémsem hiologic-
ké omidace substratl (previiné cmidaci pymnvatn, mast-
nych kyselin) a condatvmi fosforvlact. Vedik uvolfiugict se
v elfratovém cvkha je v dychacim fetézel oxidovan na vo-
du 3 energn, kterd je miskina pii piencsu elektromi a je
dlummlovina do energeticky bohaté molskuly ATPF*.
Prednost molekuly ATP spoéhva vjejl umiverzalnosh
a tedy modmost vstoupit do viach unéénych pochodi

Dalsi a velmi dilefiton funkei mitochendrie je schop-
nost reagovat na aktualnd stav, ve kterém se bunka nacha-
zi. 'V piipadé nutmosh spustl sebevrazednou kaskadu pro-
cesly, kterd vyist v zamik bwiky ber negativmi reakce
vnéjitho prostiedi Tato destukee miize byt spuSténa
1 v disledku vnéjitho viafedného proapoptotického sipnd-
Iu s naprosto stejmim visledmm efektem®™ .

4. Mitochondriilni dysfunlkee
a 5 nimi asociovana onemocnént

Mitochondrialni dysfimkee miZe wést k akutnimu
bunétnemu a nasledné k crganovemu nebo systémovenm
selhani. Vzhledem k tomm, % jsou mitochondnalnd protei-
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Madmirng Riznd daldi xencbiotika Rdzné endogenni
pFijem kalarii 1 prostied] substance
. POP
Strawa zapadniho -_'-'-"'--..
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Cfor. 2. Nova hypetéza o vzajemnyeh vztazich sérovon GGT, perzistentnimi organiclymi polutanty a diabetem mellitem

2. typu (upraveno podle Les a spol ')

oy kodovany jak mutochondnalei DNA (mtDNA koduje
13 gent zapojenych v coudadni fosforylael), tak jademou
cDMA, miFe byt mutochondnilnd onemocnéni ndsledkem
mutace v obou genomech, v jaderném 1 mitochondnalning
Zenomm l:kadeelece duplikace, roesihli delece)™".
Mira mofnych mutaci je ale u mutochondnalm DNA T.'\'“!“!I,
protoze se molekula vyskyvtuyje ve velmu blizkém kontzktu
s reaktivnimm formamm kysliku (ROS) produkovarimm oxa-
dativni fosforylaci, kde neni chranéna pom-:l-:l hustonovych
proteimi’®.  MemnachyngjE k postifeni json thiné, kterd
jsou na spravné funkel mutochondni zvlasté zavisle, tedy
thamé = vvsokou spotiebou energme, jako je mapd. sniecm
Fnl, mozek, kostermd svaly @1 Zlazy s vmtmi sekreci
Zejména pa::lk:eas ledviny, tukova thif nebo Stitnd Haza®™.
V poslednich letech bylo prokazano, ze smzumpici se
mitochondnalnd  Imstota a2 omdatni  metabolisims
v riznych thinich mokou vést ke komplikacim spojenych
s padvahou, obeztou a mofnym roevojem DM2T &1 meta-
bolického  syndromm™*'. Kmmi porteni rovnovahy
v energetickém metabolismm miife za cnemocnénim stat
fada jimjch faktor napi. Zpatna fimkee organely, kterd ma
za masledek modifikaci v metabolisom hpidl genetické
faktory, coadativod stres &1 redukovana biogeneze mito-
chondrii v disledlm stirmut®. Byla nalerena jasna sowvis-
lost mem DM2T a mutochondrialni dysfunker, kdy diky
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mutaci v mtDNA f bunsk pankreatn doslo ke zheorSem
sekrece mrubm, apoptoze bunék a naslednému snizend
poitu B bunék*™ .

Zazadni poznatek dnklada_um rozhodmict alobu mite-
chondnani dysfimkee pii veniku DM2T in vivo je skuted-
nost, I8 rozve] mzulinove remstence je fasto pozZorovan
u starSich lidi 5 omezenou émnosti oxdatimi fosforvlace
au obéznich jedinel se miienym rizkem DMAT, které je
zpizobenc vysokon hladinon volnfch mastmipch kyselin
které tak negativmé ovindmgi glukosonvy metzbolismus
a navozuji mzulinovou rezistenci’™"*. Inzulinovi rezis-
tence adipocyhl a zmény v metabolismm tukoveé thiné se
pak propagwi do dalsich thani a potencuyl rozveo) DM2T a
metzbolického syndromu™.

Uéinkem permstentmich latek miZe dochdzet ke zm-
seni exidacnibo stresu, =vviend hladin zanétlivych cvtoki-
i 3 nasledné vzniku pmmudahf.mni podminek, cof jsou
hlavmi  mechamsmy v patogenezi chorob spnj].r-:h
5 obeziton. Jedna se o zafarovany kmh, protofe zvifend
hladin zanéthnych cytokind je spojenc s dalffm naristem
cxddafniho stresn®™ . Takovéto namdeni mitochodriilnthe
systémm se obvykle projevi patologickym fenotypem, ja-
kvm je obezita, lnpertenze, dyshpidémie {(mvviend kon-
centrace lipidi nebo lpoprotemni v kvi), metabolicky
syndrom nebo naderove onemocndénd. Selhaniny spravne
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mitochondridlni  cxdace tukii miZe teké dochizet
ke mvyteni oxidadniho stresu, zénétinych cytokind a vemm-
ku nadbvtku reaktnmich forem kyshiku, ty pak mohkou po-
Jkudltb'uneme"m:khu} podilet se zpémé na spusténd
zanétlive reakee Epnjen.e s inzulmevou remstenci €1 meta-
bolickym syndromem’”. Tyto poematky vedly k vysloven
bypotézy, mmﬂmmbxmhlbjhinicﬁlﬂiudﬂmﬁ
v patologii tichto onemocnéni™. K poturzeni této hypotézy
pispivaji 1 vi=ledky prace’”, ktera potrdila zhorfeni mito-
chondnalng fimkee vivem POP 5 diccanovron akbatou a
dale, #a cirkubnjici ligandy aryluhlevodikowych receptori
(ABR) v hdském sém jsou ascclovany s parametry meta-
bolickeho syndromm a mutochondnalni funkei Zyvysem

bodnot 23,7 3-tetrachlorodibenzo-p-diosin  ekvaivalentu
({TCDD Eh:l bylo pozitivné korelovino s obeziton, krev-
nim tlakem, sérovimi trizeylglyceroly a ladnou glykemdi™.

5, Laveér

Rada epidemiologickych studii prokazmje asociaci
plazmatckyon hladinamy POP avyskytem metabo-
Lickich komphkaci obemty, zejména vyskytem DMIT.
Tato asocizee ma tvar kitvky U, kdy nizké a vysoke
koncentrace POP a jejich smési vwwkazui zvysens nzko.

Mezn mome mechamsmy, ktere by tento vztah mohly
vysvitlovat, patfi 1 viiv POP na mitochondnalni dysfunke:,
je£ je miciovina mvytenim oxidafnibo stresu bunék Gémn-
kem POP. Tuto hypotézu potvizuje zatimn omezend Fada
pracl. Jednou z mch je nalezeni nepiime zawislosh
sérovou koncentraci TCDD ekvivalentl navizanych na
ABR a ATP produkei myocyii mkubovamich v tomto mé-
dm. Abnormalnd cendativm fosforylace, spoledné se smize-
II}'III poctem mufochondni, jepch abnommaln morfologi a
snifenon mutochondnalnd genovou expresi je charzktens-
tickd pro inmulinoveou rezistenci a vezmk DMIT. Zda ze
kromé =yienéd nabidky —metabohickych ;u]:r:»ua'rfl
aprepnuh metabolickych drah na ném podili 1 zvviena
zatez hpofilnimm tmm:k_'.lm.l latkarm typu perzistujicich
orgamickich polotantd zistava stile pledmétem dalitho
vvzkumu.

Tato studie je podporovana projekrem IGA MZ NT
14330-3/2013, operacnim programem Fal'pl PO 2 Biome-
dicimzks cemprum EDZ 1 00:03.0078, programem rozvaie
védnich oblastt Univerzity Eavlovy (projelr P30} a gran-
tem A UK 606212
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Histology and Embryology. * Biomedical Centre, “ Instituse
of Medical Chemistry and Biochemiztry, Faculty af Meadi-
cine in Pilzen, Charles University in Prague): The Influ-
ence of Persistent Organic Pollutant: on Aitochondrial
Functions and origin of AMetabolic Syndrome

Persistent arganic pollutants are biozccumulative and
toxic to bving orgamisms. Permistent substances may in-
crease oxidative stress and start imflammatory processes,
which are the major factors in the pathogenssis of obesity-
related diseases. A clear lmk was found between muto-
chondnal dysfonction and the type 2 diabetes mellitus.
A mmtation i matochondnal DNA B-cells of pancreas
leads to the worsening of m=uln secretion, cell apoptosis
and subsequent reduction of f-cells.
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Evidence indicating, thet pemistent arganic pollitants are involved in the development of
obesity, has emerged. The zim of this study was to reveal whether an environmentsl
bicgccumulztive human edipose tssue contaminant, 1,1-dichloro-2 2 -bis(p-chlarophen yl)
ethylene [DDE), affects sdipocyte differentiation. Our study was conduded on an in vitra
edipogenic model of human sdipose derived mesenchymal stem cells fhADMSC). The
edipose cultures were exposed to DDE (concentrations: 001 pM, 1 pM, end 10 M) for 28
consecutive days, from the beginning of the experiment until full differentiztion. DDE was
edministered in lipid wehicle (MuT Rlflex). Samples for gene expression enelysis by BT real-
time PCR were callected on days 0, 4, 10, 21 &nd 28 during the course of differentiation.
Differentiating adipocytes cultiveted in ipid-rich medium (MuTRIflex) noeesed the expres-
sion of perlipin 2 (FLINZ). However, the addition of DDE suppressed this effect (p « 0.03). Our
results mey suppest that upregulaton of FLINZ, caused by exposure to lipids during the
differentiation of sdipocytes,is reduced in the presence of DDE. This effect of DDE warrants
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Abbreviations:

DDE, pp'-dichlorodiphenyldichlor-
aethylens

DDT, pp'-dichbrodiphenyltrichlor-
oethane

POPs, pemistent organic pollutants
LDs, lipid droplets

TG, wiglyceride

PLINZ, perilipin 2

PEA, protein kinase A

epidemic.

future attention, because of the important role of PLINZ in forma tion and stabilization of lipid
droplets, & the impairment of their function could be linked to the wordwide obesity
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Introduction

Many organochlorine compounds have been used worldwide
a5 agricultural pesticides. Among those widely used was 1,1'-
(2,2,2-trichloroethane-1,1-diyljbis(4-chlorobenzens) (DOT) and
although DDT has not been used in the developed countries
since the 1970s, it is still present in the environment. DDE's
chemical sthility and extreme lipophilicity predispose it to
exhibitmg bicaccumulative properties similar to other persis-
tent organic pollutants (FOPs) with high afinity to adipose
tissue, which represents their long-term reservoir. The
presence of DDT, and perhaps more importantly that of its
metabaolic produc 1,1-dichlore-Z,2-bis{ p-chlorophenyl) ethyl-
ene (DDE), is stll detected in the food chain wday (Marsalek
etal., 2013). Soitis by no means surprising to find POPs present
in human tissues (Hardell et al., 2010; Waliszewskd et al., 2012).

Recently, epidemidlogical studies have revealed that
elevated serum concentrations of certmin POPs, including
DDE, correlate positively with increased type 2 disbetes
prevalence in humans (Taylor et al., 2013). DDE's influence
has been confirmed to be both diabetogenic and obesogenic
(Dirinck et al., 2014). Studies of subacute exposure to DDE on
mice models have demonstrated that DDE causes significant
hyperglycaemia (Howell et al, 2014). The effect of chronic
exposure to DDE in conjunchion with a hkigh fat diet was found
to be biphasic; after initial promotion of fasting hyperglycae-
mia, glucose levels decreased and by week 13 animals
chronically exposed to DDE were normoglycemic (Howell
et al, 2015). Alongside their part in lhpid metsbolism,
adipocytes may facilitete cancer progression by playing an
important role in the tumor microenvironment (Omabe et al.,
2015).

The specific mechanism of POPs’ action is not yet known
POPs are almost exclusively stored within the lipid droplets
[LDs) of adipocytes and they depend on triglycende (TG)
content (Bourez et al., 3012, Hong et al, 201%). LDs' size in
adipocytes reflects the degree of their differentiation and the
intensty of intracellular metabolic processes. The TG core of
LDs is surrounded by phospholipids and & varnety of proteins
(Tauchi-Sato et &l, 2002). One such protein is perilipin 2
[PLINZ), formerly known as adipose differentiation-related
protein (ADRF). PLIMZ has long been recognized as a universal
marker for intracellular LD in tissues, but its function is just

begnning to be elucidated. It has been discovered one of
FLINZ's domains is involved in LD stebilization and lipid
sccumnulation (Sentinelli et al, 2015, These findings are
supported by the fact, that upregulation of PLIN2 is associated
with TG storage in LDs. As adipocytes mature, they gain
neutral lipids and PLINZ is replaced by PLING (Wolins et al,
2003, 2005).

In order to verify the hypothesis that DDE may influence
adipocyte differentiation and metsbolism, adipocytes, during
their differentistion from human adipose derived mesenchy-
mal stem cells (hADMSC), were exposed to DDE. Our study is
the first to demonstrate that upregulation of PLINZ, caused by
lipids during differentiation of hADMSC, was reduced by DDE.

Materials and methods
Cell culture and differentiation

For adipogenic differentistion, hADMSCs (Invitrogen Life
Technologies GmbH, Darmstadt, Germany) were seeded with
atotal number of 1 » 10 cells in a 6-well cell culture plate (TFP
Techno Plastic Products, Switzerland), and cultured in 5% COz
atmosphere at 37 *C according to the manufacturer's instrec-
tions in StemPro® Adipogenesis Differentiation medium
supplemented with 1% Gentamicin,

Cell DDE treatment

The cultures were exposed to DDE (Sigme-Aldrich, St. Lows,
MO, USA) for 28 consecutive days from the start of the
experiment until full differentiation was achieved (DDE
concentrations: 0.1 pM, 1 pM, and 10 uM). The concentrations
of DDE were chosen to reflect the levels measured in humans
(Cirinde et al., 2014). DDE was administered in the lipid fraction
of MuTRIflex™ Lipid peri (B. Braun, Melsungen, Germany),
presentin 0.2% (v/v) concentration (0.2 ml of vehicle per 100 ml
of medium), containing medium chain triglycerides (0.1 g1)
and soya bean oil (01 g1). Control cultures received the
differentiation medium alone or with wvehlicle without DDE
The samples for quantitative estimation of mRMNA were taken
on days 0, 4, 10, 21 and 28. Fig. 1 shows the cell cultivation
design used in the pilot trial and in the subsequent triplicate
EXperiment.
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Fig. 1= Cell cultures were divided into five sets: a set containing only DM; a set with DM supplemented with wvehicle
(MuTRHlex) withowut DDE; and three sets containing DM and different concentrations of DDE (0.1 pM, 1 pM and 10 pb)
administered in vehicle. Round dots on the imeline indicate the days on which samples were mken. Abbreviations: DM,
differentiation mediuny DDE, 1,1-dichlore-2,2-bis{p-chlarop henyljethylen; hADMSC, human adipose derived mesenchymal

Table 1 - Sequences of primers and cormesponding UPL probes,

Symbaol GENE NEME Function Frimer sequence 5-F UPL probe

PLINZ Perlipin 2, ADRP Surface protein of intracellular TCAGCTCCATTCTACTG TICACC 72
lipid droplets CCTGAATTTICTGATTGGCACT

Reference genes

GUSE p-Glucuronidase Lysosomal breakdown af CGCCCTGOCTATCTIGTATTC 57
glycosaminoghyeans TOCOCACAGECAGTETETAG

HFRT Hypoxanthine guanine Purine salvaps pathoway TGACTTGATTTATTITGCATACC 73

phoesphoribosyliransferase CCACGCAAGAOETTCAGTCCT

YWHAZ 14-3-3 protein zeta Signal transduetion GCAATTACTGAGAGACAACTTGACA 2

regulating adaptor TGGEAAGGCCEETTAATTTT

Quantitative estimation of mRNA using KT real-time PCR

Cuantitative estimation of the mANA of PLINZ was performed
by & RT real-time PCR method with UPL probes (Universal
Probe Library, Roche). Total RMA weas isolated from a pellet of
cells (spproximately 10° cells) by FastBMAPro Green Kit
(QBIOgene, Irvine, CA, USA). Reverse transcription (RT) was
performed from 250ng of total RMA with Superscript I
Reverse Transcriptase (Life Techmologies, Carlsbad, CA, USA)
usingrandom hexamers as primers. The sequences of primers
and corresponding UPL probes were generated by ProbeFinder
Software (Roche, Mannheim, Germany) and are listed in
Table 1.

A quantitative estimation was performed in technical
duplicates on Stratagene Mx3005F apparatus (Agilent Tech-
nologies, Inc). All samples were also assessed for the
expresson of reference genes f-glucuronidase (GUSB), hypo-
xanthine guanine phosphorbosyltransferase (HPRT) and
tyrosine 3/tryptophan 5-monooxygenase activation protein
zeta [YWHAE). The results are presented as normalized values
7 algorithm) using the peometric mean of quantifications
{CY) of three reference genes (Kozera and Rapacz, 2013).

Statistical analysis

Non-parametric Wilcowon two-sided signed-rank test was
performed for statistical analysis. The data is presented as

mean + stand ard error of mean. The results were considered
statistically sigrificant at the sipnificance level « = 0.05.

Results

Differentisting adipocytes cultivated in lipid-rich medium
(MuTRHlex) showed a statistically significant increase of PLIN2
expression in comparson with adipocytes cultivated in
differentiation medium only. However, DDE appeared to
diminish the effect of MuTRIflex on PLINZ. Statistically
significant downregulation of FLINZ was recorded in cell
cultures containing DDEat a concentration of 0.1 pMand 1 pM
(usng data from day 10 and day 21 together). Analyss of the
change of expresson of PLIMZ in cells exposed to DDE at a
concentration of 10pM was statistically inconclusive. The
presented results are summarized in Fig 2

Discussion

To the best of our knowledge, our study is the first to
demonstrate that upregulation of PLIN2, caused by lipids
during differentiation of hADMSC, was reduced by DDE.
Although PLINZ's cellular function is not fully understood, it
seems to be indispensable for intracellular ipid storage in &
variety of cells. While FLIN2 upregulation in myocytes
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Fig. 2 - PLIN2 expression of differentiating cells cul ivated in
DM, DM and NMuTRMex, and DM, NuTRIlex and DDE

(0.1 pM, 1 pM). Statistical analysis was conducted using the
Wilooxon two-sided signed-rank test using data from day
10 and day 21 together. Comparison between DM alone
and DM with NuTRIflex was statistically significant as well
as between DM with NuTRHlex and DM with DDE diluted in
HuTRHlex at concentrations 0.1 pM and 1 pM.
Abbreviations: d10, day 10; d21, day 21; DM, differentiation
mediung PLIN2, perilipin 2; NF, differentistion medium
supplemented with NuTRHlex; C1, differentiation medium
supplemented with NuTRlflex and DDE at concentration

1 pM; 2 differentiation medium supplemented with
NuTRHex and DDE at concentration 0.1 pM.

improves insulin resistance (Timmers et al., 2011), its over-
expression in hepatocytes or endothelial cells leads to hepatic
steatosis and the formation of foam plaques (Magnusson et al
2006). It is suggested that PLIN2 plays an important role in the
maturation of adipocytes (Storey et al., 2011). The malecular
mechanism by which DDE changes PLIN2 expression has not
been described yet. We suppose that the mechanism of DDE's
effect could be medizsted by the protein kinase A (PEA)
signaling pathway. There is evidence that DDE decreases
cAMP synthesis in steble pig granulosa cell lines (Crellin at &l
2001). The second messenger's, cAMP's, effect is mediated by
PEA (Meinkoth et al, 1993). Liver X receptar (LXR) is one of the
known target proteins phosphorylated by PEA (Yamamoto
et al., 2007). Kotokorpi et al. have shown that the human PLINZ
peneis a direct LXR target gene and that differentLXR agonists
regulate the endogenous gene (Kotokorpi et al., 2010).

Furthermore, it has been confirmed that PLINZ contasins
progesterone receptor binding sites (Yin et al., 2012). Proges-
terone partial aponist/entagonist RUME6 upregulated PLINZ
expression in a dose- and time-dependent manner in breast
cancer &nd uterine lelomyoma cells. Posiive association
between progesterone and PLINZ levels was observed in
endometrium during conceptus elongation as well (Forde
etal., 2013). Therefore we suppose another wayof affecting the
expression of PLINZ by DDE may be via the progesterone
signaling pathway.

The results of our stud ysugpest FLINZ is d ownre gulated by
DDE during the differentistion of adipocytes exposed to lipids.

FLINZ has animportant role in the formation and stabilization
of LDs, whose metabolism could be influenced by DDE in this
way. This process warrants future attention, especially when
the crucial role of LDs in energy homeostass is consdered, as
the impairment of their function could be linked to the
worldwide cbesity epidemic and disbetes mellitus type 2
Better understanding the pathophysiological effects of the
environmentsl pollutant DDE may help in the prevention of
these diseases.
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Mitochondria play a key role in energy metzbolism in many tissues, induding cardiac and skeletal muscle, brain, liver, and adipose
tissue. Three types of adipose depots can be identified in mammals, commonly classified according to their colour appearance: the
white (WAT), the brown (BAT), and the beige/brite/brown-like (bAT) adipose tissues. WAT is mainly infrolved in the storage and
mohilization of energy and BAT is predominantly responsible for nonshivering thermogenesis. Recent data suggest that adipocyte
mitochondria might play an important role in the development of obesity through defects in mitochondrial lipogenesis and lipolysis,
regulation of adipocyte differentiation, apoptosis, production of oxygen radicals, efficiency of oxidative phosphorylation, and
regulation of conversion of white adipocytes into brown-like adipocytes. This review summarizes the main characteristics of each
adipose tissue subtype and describes morphological and functional modifications focusing on mitochondria and their activity in

healthy and unhealthy adipocytes.

1. Introduction

Ower the past few decades, the number of studies in the field
of adipose tissue biology has increased exponentially since
obesity and associated diseases are occurring at epidemic
rates mot only in developed countries, but also in developing
countries. Obesity arises from an imbalance between energy
intake and expenditure. It is associated with an increased
risk of type 2 diabetes, hypertension, atherosclerosis, heart
disease, stroke, cancer, infertility, and so forth [1-5]. Current
clinical approaches to obesity include diet, physical activity,
psychological support, drugs. and surgery treatment. Unfor-
tunately, these treatment methods show efficiency limited
only to small percentage of patients and some of them may
be accompanied by serious side effects.

Studies published over the last two decades have estab-
lished adipose tissue as 3 dynamic organ that carries out
several important physiological processes. It is composed of
a number of cell types: adipocytes, preadipocytes, vascular
endothelial cells, pericytes, macrophages, and fibroblasts [6].
However, the dominant cells present in adipose tissue are
mature adipocytes.

Two major types of adipose tissue exist in mammals,
brown and white fat that have essentially antagonistic func-
tions, brown fat expending energy and white fat storing it [7].
Brown adipocytes may occur after thermogenic stimulation
at anatomical sites corresponding to WAT. This process
is called the “browning” of WAT and these brown-like
adipocytes that appear in WAT are called “beige” or "brite™
[8, 9]. These three types of adipose cells have many specific



characteristics related to localization, cell composition (lipid
droplet, mitochondria), function, pathways of homeostatic
control, obesity related changes, and so forth [, 10].

Recent data suggest that adipocyte mitochondria might
play an important role in the development of obesity through
defects in mitochondrial lipogenesis and lipolysis, regulation
of adipocyte differentiation, apoptosis, production of oxygen
radicals, efficiency of oxidative phosphorylation, and reg-
ulation of conversion of white adipocytes into brown-like
adipocytes [11, 12]. Thus, therapeutic intervention into any of
these mitochondrial processes could be a useful approach to
reduce adiposity [13].

This review summarizes the main characteristics of each
adipose tissue subtype and describes morphological and
functional modifications focusing on mitochondria and their
activity in healthy and unhealthy adipocytes.

2. Overview of Mitochondrial Functions

Mitochondria are the cytoplasmic organelles in human
and animal cells where many distinct metabolic pathways
take place [14]. Mitochondria are highly dynamic, pleo-
morphic organelles comprising at least six compartments:
outer membrane, inner boundary membrane of significantly
larger surface area, intermembrane space, cristal membranes,
intracristal space, and protein rich matrix. They are found in
almost all human cells except mature erythrocytes [15, 16].
Although mitochondria contain their own small mtDNA
and some BENA components of mitochondrial translational
apparatus, the vast majority of the mitochondrial proteins
are encoded by nuclear DNA, synthesized in the cytosol, and
then imported into the mitochondria posttranscriptionally
[15]. Mitochondria are involved in the crucial metabolic pro-
cesses including tricarboxylic acid cycle, pyruvate decarboxy-
lation, oxidative decarboxylation of fatty acids (#-oxidation),
and degradation of branched amino acids. Mitochondria
also substantially contribute to biosynthetic processes taking
place im the cytosol by providing key intermediates like
urea cycle, fatty acids, and heme synthesis. However, the
principal role of mitochondria is to synthesize more than
95% of adenosine triphosphate (ATP) for cellular utiliza-
tion [14, 16]. Production of ATP requires two major steps.
oxidation of highly reducing metabolites and coenzymes
such as nicotinamide adenine dinucleotide (NADH) and
flavin adenine dinucleotide (FADH, ) and phosphorylation of
adenosine diphosphate to generate ATP to support various
cellular functions (OXPHOS, oxidative phosphorylation)
[17]. The mitochondrial respiratory system consists of four
enzymatic multiheteromeric complexes (I-1V) embedded in
the inner membrane of mitochondria and two individual
mobile molecules, coenzyme ) (CoQ)) and cytochrome c,
along which the electrons liberated by the oxidation of
MADH and FADH, are passed and ultimately transferred
to molecular oxygen. This respiratory process creates the
electrochemical gradient of protons and membrane potential
about 180 mV across the inner membrane that has the
potential to do work. The proton flux drives the F F, ATP
synthase (complex V) to phosphorylate matrix ADP by inor-
ganic phosphate [18, 19]. On the other hand, mitochondria
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Frauee 1: Main morphological characteristics of white, brown, and
beige adipose tissues. White adipocyte cell is classically spherical,
it is full of single lipid droplet, and it contains few mitochondria.
Brown adipocyte is usually smaller than white and beige ones. It
contzins a large number of mitochondria and contzins multiple
small lipid droplets. Blue: nucleus, green: mitochondria, and vellow:
lipid droplets.

generate heat by a mechanism called “proton leak.™ Protons
leak from the intermembrane space to matrix and reduce
membrane potential generating heat instead of energy [17].
Mitochondria are also deeply involved in the production of
reactive oxygen species (ROS) through electron carriers in
the respiratory chain. Oxidative stress can induce apoptotic
death and mitochondria have a central role in this process
due to cytochrome ¢ release in the cytoplasm and opening
of the permeability transition pore [ 20, 21]. Mitochondria are
essential for the maintenance of normal physiological func-
tion of tissue cells and mitochondrial dysfunction may cause
pathological changes in the human body [14]. In addition,
eukaryotic cells have the ability to initiate adaptive responses
to different environmental stimuli (e.g., cell growth, death
and differentiation, or modification in energy demands)
by altering the number. morphology, or remodelling of
mitochondria [11].

3. White versus Brown versus Beige
Adipocyte Tissue

In mammals, we can find three types of adipose depots com-
monly classified according to their colour appearance: the
white (WAT]), the brown (BAT), and the beige/brite/brown-
like (bAT) adipose tissues. Main characteristics of WAT,
BAT, and bAT in humans are shown in Table 1 and main
morphological differences are shown in Figure 1. Most
mammals have WAT dispersed throughout the body in two
major types of depots, subcutaneous and intra-abdominal
{or visceral). Intra-abdominal fat includes retroperitoneal,
omental, mesenteric, epicardial, and gonadal deposits. WAT
weilght generally represents as much as 20% of the body
weight of normal adult human and primarily acts as a storage
site for triglycerides, conserving excess calories for use in
times of scarcity. White adipocytes contribute to the whole
body insulation and have endocrine functions including
secretion of leptin, THNF-o. adiponectin, resistin, and other
compounds related to the degree of obesity and insulin
sensitivity [22].

Humans have relatively large depots of BAT in infancy;
only small amounts of BAT dispersed throughout the depots
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TasLg I: Main differences amongst the three types of adipocyte tissue.

Characteristic property White Brown Beige References

Morphology

(i) Shape Spherical Ellipsoid/polygonal Spherical

(i) Cell size Variable, large (25-200 gm) Small {15-60 gum) Variable, smaller than white [8.9,23]

(iii) Lipid droplet (LD} Single large LD Multiple small LD Multiple LD with variable size

(iv) Mitochondria + i ++ {upon stimulation)

Deropmen o S oS Fom Frem Ny or g
Suprarenal, Inguinal, neck (near carotid

Location Subcutaneous and visceral paravertebral, sheath and musculus longus [8,27]
supraclavicular colli), other locations?

Function Energy storage Heat production Adaptive thermogenesis [9]

Uncoupling protein Mearly undetectable ++ ++ (upon stimulation) [28, 29]

Adi te-type-spacific PPARy, PLINI, HOXCS, LHXE, ZICI, EPSTI, HOXCS, HOXC9, CITEDL,

b type-spe E:pﬁ; TLE3S, C/EBPm, Rb, :fgf;}s CIDEA, Py Em EMs, TR, Cgg 1 230,311

Vascularization Low High High upon stimulation [32, 33]

Impact on obesity Positive Megative Megative [34]

:i:_r:&:ucfn with insulin Probahly ves Probably yes [35-38]

COM G40 molecule, THF receptor superfamily member 5; CIN37: tumour necrosis fctor receptor superfamily, member & C/EBPa: CCAAT/enhancer
binding proteln (C/ERF), alpha; CIDEA: cell death-Inducing DFEA-lke efector; CITED]: Chp/p3oi-interacting transactivator, with Glw/Asp-rich carboxy-
terminal domain I; ELOVLY: ELOVL fatty acld elongase 3; EPSTIL eplthelial stromal Interaction 1; HOXCE: homeobox ©8; HOXCS: homeobox C%; LHXE:
LIM homeobox protein 8; PLINL perilipin-1; PPAR): peroxisome proliferator-activated receptor gamma; FRDMIG: PR domaln contalning 16 Rb (Rb):
retinoblastoma 1; Ripl40: nuclear receptor Interacting proteln §; TEXE: T-Box 1; TCF2E: transcription factor 20; TLE3: transducin-like enhancer of split %
TMEM26: transmembrane proteln 26; Z1C1 rinc finger protein of the cershellum 1.

of WAT persist in adults. Classical brown fat is primar-
ily distributed in the interscapular space, paravertebrally,
axillary, and perirenally. Recent studies have confirmed the
presence of active BAT containing both classical brown and
beige adipocytes in adult humans, with depots residing in
the cervical, supraclavicular, mediastinal, paravertebral, and
suprarenal regions [27, 39, 40].

White adipocyte cell is classically spherical and large with
flattened mucleus, which is situated in the periphery. Because
it 15 nearly completely filled with a single lipid droplet,
thin ring of cytoplasm contains few mitochondria and little
but recognizable smooth endoplasmic reticulum [41]. Brown
adipocyte is usually smaller than the white one and its shape
is elliptical with round or oval nucleus situated centrally.
Cytoplasm volume is large containing multiple small lipid
droplets, poor endoplasmic reticulum, and high amount of
mitochondria.

Beipe adipocyte has the mixed characteristics of both
white and brown adipose cells. During basal state, it displays
unilocular morphology as white adipocyte, but, upon cold
stimulation, its appearance acquires features of intermediate
morphology ultimately resulting in expression of proteins
typical for BAT and transformation of stored fat into the
small lipid droplets typical for brown adipocytes [8, 42,
43]. The origin and function of beige adipocytes are less
clear and currently under intense discussion. It is thought
that they arise from unique precursor cells [42], but there
is also evidence that they stem from white adipocytes by

transdifferentiation of preexisting white adipocytes. Himms-
Hagen et al. treated rats with f3-adrenoceptor agonist (CL-
316243); the results of their study showed that at least a sub-
population of unilocular adipocytes underwent conversion
to multilocular mitochondria-rich adipocytes [44]. Interest-
ingly. Morroni and coworkers suggested a new mechanism of
reversible physiological transdifferentiation of adipocytes in
the mammary gland: mouse mammary adipocytes are able
to transform into secretory epithelial cells during pregnancy
and revert to adipocytes afier lactation [45]. Moreover,
recent research has shown novel mechanism of the bAT
formation. Wang et al. suggested that during cold-induced
“browning” of subcutaneous fat, most “beige” adipose cells
stem from de novo differentiated adipocytes [46]. Vargas
et al. found that adipocytes differentiated with total and
partial agonists of peroxisome proliferator-activated receptor
gamma (PPARY) and exposed to 31"C are able to respond to
cold by a significant increase in the expression of thermo-
genic proteins such as uncoupling protein 1 (UCPI), peroxi-
some proliferator-activated receptor ¢ coactivator 1 {PGCle),
and Chp/p300-interacting transactivator, with Glu/Asp-rich
carboxy-terminal domain 1 (CITED), a marker of the beige
phenotype [28]. Two potential models of mature WAT into
bAT transformation are shown in Figure 2.

Interestingly, exercise has been recently considered as a
physiological stimulus for brown adipose tissue activity [47].
Even vibration training changed lipid metabolism in rats
and promoted brown fat-like modifications in white adipose
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Figure 2: Two potential models of how WAT can be transformed
into beige adipocytes |23, 25, 26].

tissugs through trigpering BAT-associated gene expression,
inflammatory response, and decrease in energy reserve [48].
Understanding these biological processes and stimulation of
the activity of brown and beige/brite adipocytes could help
us with fight against obesity, potentially facilitate weight loss,
and improve metabolic health [49].

4. Mitochondrial Activity in Adipocytes

Mitochondria play a central role in metabolism of adipose
tissue, as documented by their contribution to metabolic
pathways of particular importance in adipocytes, like lipol-
ysis and lipogenesis [11]. In addition, specific function per-
formed by brown fat is converting mitochondrial energy
into heat in adaptive thermogenesis. Tissue-specific functions
of mitochondria in white fat are less characterized [50].
although their role in orchestrating metabolic homeostasis
and weight control is now widely accepted [51].

Lipolysis in adipocytes is the hydrolysis of triglycerides
from lipid droplets within the cell into glycerol and free
fatty acids by hormone-sensitive lipase (H5L) and adipose
triglyceride lipase (ATGL). The hydrolytic action of H5L is
regulated by perilipin A, a lipid droplet-associated protein.
Phosphorylation of perilipin A by cAMP-dependent protein
kinase {PKA) facilitates the translocation of HSL into the
lipid droplet [52]. In the cytoplasm, free fatty acids are pre-
sumably bound to binding proteins and subsequently moved
across the inner mitochondrial membrane by diffusion or,
in the case of long carbon chains, by the carnitine shuttle
[39, 53]. B-oxidation, metabolic process breaking down free
fatty acids into acetyl-CoA takes place in the mitochondrial
matrix. Acetyl-CoA then undergoes oxidation through the
tricarboxylic acid cycle and the electron transport system.

The lipogenesis de nowvo is an important pathway to
convert fatty acids to triglycerides for storage in the WAT.
The human liver is mainly responsible for the conversion of
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carbohydrates into fatty acids, but a small part of triglycerides
is synthesized in adipocytes [52]. Although fatty acids and
triglycerides synthesis take place in the cytosol, mitochon-
dria provide key intermediates needed for lipogenesis, like
glycerol 3-phosphate and acetyl-CoA. Key enzyme in glycerol
3-phosphate synthesis is mitochondrial pyruvate carboxylase
that converts pyruvate into oxaloacetate. Pyruvate also under-
goes decarboxylation to acetyl-CoA by the mitochondrial
pyruvate dehydrogenase complex, which facilitates fatty acid
and triglyceride synthesis [54].

As mentioned above, brown/beige adipocytes, when acti-
vated by sympathetic stimulation, dissipate chemical energy
stored in the form of triglycerides by channelling fatty
acids imto F-oxidation. Energy of substrate oxidation is
then converted into heat [49, 55, 56]. This process, termed
nonshivering thermogenesis, is specific function of BAT/DAT
and is particularly important during hibernation and for
small animals and infants who have greater demands on
thermogenesis due to a large surface-to-volume ratio [57].
The molecular substrate of this unique function is a protein
containing three similar repeats of about 100 amine acids
coded by nuclear genes and inserted into the inner mito-
chondrial membrane [58]. As the major role of the protein is
proton translocation resulting in uncoupling of the electron-
transporting system from ATP synthesis in the mitochondria,
it was named uncoupling protein {UCP) [59].

Uncoupling proteins belong to a family of mitochon-
drial carrier proteins that are present in the mitochondrial
inner membrane. Mammals express five UCP homologues
(UCP1 also named thermogenin), UCP2, UCP3, UCP4, and
UCP3, also known as brain mitochondrial carrier protein 1
(BMCP1) [60]. UCP1 is expressed almost exclusively in fully
differentiated BAT cells [17], although some findings suggest
that UCP1 can be detected also in other tissues including
uterine smooth muscle and even WAT, where induction of
uncoupling protein expression is associated with acquiring
of brown fat features [61, 62]. Expression of UCP] in WAT
has been questioned by finding of brown adipocytes in
white depots and white adipocytes that potentially could
transdifferentiate into cells expressing markers of BAT/hAT
after appropriate stimulation [56, 62]. UCP2 and UCP3
mENAs have been detected in a number of tissues and
organs, for example, thymus, stomach, testis, white and
brown adipocytes, pancreatic #-cells (UCP2) and skeletal
muscle, heart, and brown adipocytes (UCP3) [63-67]. The
physiological function of UCP] is to mediate a regulated
proton leak and thus dissipate the proton electrochemical
gradient built up by the respiratory chain in the form of
heat. Maximally stimulated brown adipose tissue can produce
about 300 Wikg of heat compared to 1 Wikg in all other
tissues [29, 68]. The thermogenesis in BAT is induced and
positively regulated by fatty acids; in fact, no heat generation
can be elicited without simultaneously initiating lipolysis.
Further oxidation of acetyl-CoA the end product of §-
oxidation, through tricarboxylic acid cycle and the electron
transport chain, provides energy dissipated as heat through
the action of UCPI [69]. In contrast to UCP1, physiological
function of its homologues is still debated. Recent studies
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have shown that UCPs might have an important role in patho-
genesis of various disorders as type 2 diabetes, obesity, heart
failure, neurndepenerative diseases, aging, or fumorigenesis
[70-75].

Metabolic differences between mitochondria of WAT
and BAT are associated with specific morphological char-
acteristic of mitochondria in the brown adipocytes. These
mitochondria are apparently more numerous and bigeer in
size and contain more cristae than mitochondria in white
adipocytes. In addition, content of the heme cofactors in
the mitochondrial engyme cytochrome oxidase gives the
tissue the brown macroscopic colour [16, 76]. Compared
to BAT, WAT has fewer mitochondria, mostly undetectable
expression of UCPL, and lower expression levels of the fatty
acid B-oxidation-related enzyme, acyl Cod dehydrogenase,
sugpesting that the intensity of S-oxidation in WAT is
lower than in BAT [53, 56, 77, 7B]. As in other tissues,
mitochondria represent the main source of ATP in the white
fat. White fat mitochondria are well equipped for oxidative
phosphorylation, with pyruvate serving as a main source of
energy for ATP synthesis. Due to low activity of carnitine
palmitoyltransferase 1in the inner mitochondrial membrane,
oxidation of fatty acids is relatively slow and fatty acids
are directed towards esterification, unless the transferase is
activated by leptin [79].

Forner et al. reported a systematic analysis of mouse
mitochondrial proteomes of brown and white adipocytes
documenting significant differences in the two sets of pro-
teins, both qualitative and quantitative. Acetyl-CoA syn-
thetase 2-like (gene Acssl), converting acetate to acetyl-CoA,
and pyruvate dehydrogenase kinase 4 (gene Pdkd), inhibiting
the pyruvate dehydrogenase complex thereby reducing the
conversion of pyruvate to acetyl-CoA, were detected only
in BAT. Conversely, MOSC domain-containing protein 1
(gene Moscl), component of prodrug-converting complex,
and acyl-coenzyme A synthetase ACSMS (gene AcsmS),
having CoA ligase activity, were detected only in WAT
[50]. At transcript and proteome levels, BAT mitochondria
wiereg more similar to their counterparts in muscle cells. In
contrast, WAT mitochondria not only selectively expressed
proteins that support anabolic lipogenic function but also
degrade xenobiotics and endogenous molecules, revealing a
protective role of this tissue. These observations might help
in better understanding of physiological processes in adipose
tissue [50].

During adipocyte differentiation, the appropriate func-
tion of mitochondrion-specific metabolic processes is essen-
tial [11]. Adipogenic differentiation is characterized by the
enhanced expression of some critical transcriptional factors,
for example, C/EBPa and PPARy [B0, 81], lipid droplet accu-
mulation, mitochondrial biogenesis [82], and a 20- to 30-fold
increase in the concentration of numerous mitochondrial
proteins [83]. ATP needed for the mitochondrial biogenesis,
lipogenesis, and synthesis of numerous cytosolic and mito-
chondrial proteins is generated in the increased amounts due
to the enhanced synthesis of mitochondrial DNA, subunits
of respiratory complexes. cytochrome c. and enzymes of
the tricarboxylic acid cvcle [84]. In addition, tricarboxylic
acid cycle generates citrate, which is then transported from
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the mitochondrion into the cytosol via the tricarboxylate
carrier. Citrate is the only precursor of cytosolic acetyl-
CoA, key intermediate used for fatty acid synthesis. Thus,
citrate export from the mitochondria is essential during early
differentiation stages of preadipocytes [85].

It has been also reported that a new adipose-specific
protein, mouse [5G12b], which is localized in the mito-
chondria, is predominantly overexpressed in adipocytes and
dramatically induced at the terminal stage of adipogenesis.
Functionally, [5G12bl inhibits mitechondria biogenesis and
adipocyte differentiation [86].

Taken together, although mitochondria in the brown
fat are mainly acknowledged as important regulators of
thermogenesis and those in the white fat as providers of con-
stituents essential for lipogenesis, recent evidence suggests
that mitechondria in adipose tissues might play plentifl
roles in the regulation of the whole body energy homeostasis,
crosstalk between adipose tissues and striated muscle, or
control of insulin sensitivity and glucose metabolism [87-90].

5. Mitochondrial Dysfunction in Adipocyte

Mitochondrial dysfunction can result from a decrease in
mitochondrial biogenesis, reduced mitochondrial content,
and/or a decrease in the protein content and activity of
oxidative proteins “per unit of mitochondria® [91]. The major
tissues affected by mitochondrial dysfunction are those with
a high energy demand such as heart, muscles, brain. and
endocrine glands [11. 92]. However, in the past few years,
many studies have targeted mitochondria in adipocytes or
adipose tissues providing convincing evidence that impair-
ment of mitochondrial functions in adipocytes could have
the whole body pathological consequences [12, 51]. As mito-
chondria house crucial metabolic processes like fatty acid
oxidation, oxidative phosphorylation, and ROS production,
it is not surprising that impaired mitochondrial activity
ofien has an association with metabolism and adipocyte
differentiation [92].

5.1 Mitochondrial Dysfunctions in Mefabolic Disorders. As
shown in previous paragraphs, mitochondria contribute sub-
stantially to normal functions of adipose tissues. Although
it is not clear yet if the mitochondrial dysfunction plays a
causative or adaptive role in various metabolic disorders,
further research in the field could reveal the correct timing
of processes leading to obesity, insulin resistance, diabetes
mellitus, or lipodystrophy. Compelling lines of evidence
indicate that major factors contributing to mitochondrial
defects in adipose tissues are (i) oxidative stress, (i) insulin
resistance, {iii) genetic factors, and also (iv) sedentary lifestyle
without physical activity [93].

Onxidative stress is defined as a disturbance in the balance
between the production of ROS and antioxidant defence [94].
Mitochondria are a major source of cellular free radicals
that might damape proteins, lipids, and DNA. Defects in
the transfer of electrons across the mitochondrial membrane
can cause electrons to accumulate on the respiratory chain
complexes, which results in an increase of the potential



for electrons to bind with free oxygen and stimulation of
ROS production [95]. Furukawa et al. have shown that
elevated levels of fatty acids increased oxidative stress via
MNADPH oxidase activation in cultured adipocytes. ROS then
caused dysregulated production of various adipocytokines,
including adiponectin, plasminogen activator inhibitor-1, IL-
6, and monocyte chemotactic protein 1 [96]. In obese mice,
fat accumulation correlated with systemic oxidative siress
and treatment with NADPH oxidase inhibitor reduced ROS
production in adipose tissue, attenuated the dysregulation
of adipocytokines, and improved diabetes, hyperlipidasmia,
and hepatic steatosis in humans and mice [96]. Wang et al.
have reported that higher intracellular ROS levels elicited
by mitochondrial dysfunction resulted in the impairment of
adipocyte function in the maintenance of glucose homeosta-
sis through attenuation of insulin signalling, downregulation
of the glucose transporter (GLUTY) expression, and decrease
in adiponectin secretion [97].

Insulin resistance is a key defect associated with obesity
and type 21 diabetes. It is defined as “"a relative impair-
ment in the ability of insulin to exert its effects on glo-
cosg, protein, and lipid metabolism in target tissues™ [98].
Decreased insulin response to plucose, dyslipidaemia, and
obesity frequently progress into overt type 2 diabetes with
2 decline in f-cell function, sustained hyperglycaemia, and
increased advanced glycation end products { AGE) formation.
In turn, AGE accumulation in adipose tissue may contribute
to obesity-associated insulin resistance [59]. The role of mito-
chondria in adipose tissues in the onset and progression of
insulin resistance is still a matter of controversy. Some recent
findings suggest that dysregulation of mitochondrial calcium
influx and efflux could be a crucial factor contributing to
decreased insulin sensitivity [100] that is associated with
impaired mitochondrial biogenesis and decreased expres-
sion of mitochondrial proteins in adipose tissues [101, 102].
However, mitochondrial dysfunction is not always essential
for insulin resistance as reported by Martin et al. [103]. In
addition, ROS-induced mitochondrial dysfunction seems to
be a valid mechanism leading to insulin resistance in skeletal
muscle, but not necessarily in adipocytes [103].

Genetic factors could play an important role in the onset
and progression of obesity or type 2 diabetes mellitus. Among
genes with positive associations of variants with obesity or
obesity-related phenotypes, there are some deeply involved
in the regulation of mitochondrial activity and biogenesis in
adipose tissues, like ADRE3 (adrenergic, #3 receptor), INS
(insulin), PLIN (perilipin), PPARy (peroxisome proliferative
activated receptor, gamma), or UCPI-UCPI3 {uncoupling
proteins 1-3) [104]. In addition, impaired expression of genes
related to mitochondrial functions in adipose tissues can
be caused by acquired mutations of both mitochondrial
and nuclear genomes. Mitochondrial DNA displays a high
mutation rate due to its specific features, like limited repair,
proximity to ROS production, and absence of histones [105].
Defects in the expression of mitochondria-related genes were
found at the mRNA as well as the protein levels in various
organs and tissues including adipose cells [106-110].

Transcriptional coactivators PGC-1e and PGC-18 seem
to be of particular importance in coordination of expression
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of mitochondrial and nuclear genes related to mitochondrial
functions in both BAT and WAT [111, 112]. PGC-le is able to
direct human WAT PPARy toward a transcriptional program
linked to energy dissipation through an increased expression
of UCP1 [113]. Accordingly, decreased PGC-1e mBENA levels
were reported in subcutaneous fat in morbidly obese subjects,
Although it is not clear whether low PGC-lix expression is a
prelude to the development of obesity or a consequence of
it, upregulation of expression of thermogenic genes in white
adipose tissue could offer new tool in the therapy of obesity
[114].

However, it should be noted that impairment of expres-
sion of mitochondria-related genes does not necessarily
lead to obesity as documented by manipulations with mito-
chondrial transcription factor A (TFAM), one of the major
controllers of mitechondrial mass: in mice deficient in TEAM
in adipocytes, activity of proteins in respiratory complexes
L, III. and IV was severely compromised, which resulted in
adipocyte death and inflammation in WAT and whitening of
BAT [88].

Changes in human behaviour and lifestyle over the last
century have resulted in a dramatic increase in the inci-
dence of diabetes and obesity worldwide. Sedentary lifestyle,
changes in work (from heavy labour to sedentary) have had
an impact on human health [4. 115]. Physical activity is a
major regulator of mitochondrial function in muscle cells and
long-time inactivity is associated with reduced mitochondrial
function and number [116].

In adipose tissues, regular physical activity and exercise
training have long been known to cause increased expression
and activity of mitochondrial proteins [117, 1&]. In the Last
decade, the "beiging” of WAT associated with the expression
of typical markers of BAT (like UCPL) in white adipocytes
was revealed in response to exercise training [119, 120]. In
rodents, even a single bout of exercise increased expression
of a2 marker for mitochondrial biogenesis. PGC-la mENA
in WAT [121]. This increase was presumably induced by
stimulation S-adrenergic receptors at least in visceral WAT
[122]. In the subcutaneous WAT, endothelial nitric oxide
synthase has been proposed to regulate training-induced
increases in mitochondrial biogenesis [118].

5.2, Mitochondrial Dysfunction during Adipocyte Differen-
tation. There is ample evidence that any damage to the
mitochondrial respiratory chain results in compromised
adipocyte differentiation. Inhibition of complex I by rotenone
led to the significant reduction in the expression of mitochon-
drial malate dehydrogenase and a number of differentiation
transcription factors, like PGC-18, PPARy, CAAT/enhancer
binding protein alpha (C/EBPex). and sterol regulatory ele-
ment binding protein-1c (SREBP-Ic). In addition, apparent
decreases in the synthesis of triglycerides and ATP were
reported [84]. Antimycin A, inhibitor of complex III, and
oligomycin, inhibitor of ATP synthase commonly used for
developing of mitochondrial dysfunction models, also pre-
vented preadipocyte differentiation [123, 124].

High concentrations of mitochondrial ROS penerated
by the respiratory chain have also detrimental influence on



Stem Cells International

adipoblast proliferation and differentiation. Genetic manip-
wlation of mitochondrial complex I revealed that ROS
generated by this complex were required to initiate primary
human mesenchymal stem cells differentiation [81]. Thus, the
production of ROS and mitochondrial metabolism are not
simply a consequence of adipogenesis but are causal factors
in promoting adipocyte differentiation [81].

6. Conclusions

Adipose tissue is an extremely plastic organ capable of
massive expansion, reduction, or transformation according
to appropriate stimulation. Research motivated mainly by
the desire to understand adipocytes in the context of obesity
and related diseases resulted not only in promising data
opening new ways to fight obesity, but also in the discovery
of multipotent stem cells within WAT [125]. It is now widely
accepted that adipose tissue acts not only as repository for
excess nuirients but also as integrator and regulator of the
balance between food intake and energy output. It secretes a
number of substances affecting the function of several organs
in the body and also the function of adipose tissue itself [51,
126, 127]. This review summarizes the main characteristics
of each adipose tissue subtype and describes morphological
and functional modifications focusing on mitochondria and
their activity in healthy and unhealthy adipocytes. Increas-
ing evidence in adipocyte-related mitochondrial research
demonstrates the important role of mitochondria in the
onset or progression of obesity and related pathologies and
offers a large spectrum of potential therapeutic targets.
like differentiation and transformation of adipocytes, ROS
production, substrate channelling to energy dissipation, or
changes in the lifestyle.
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Summary

Emerging evidence indicates that pobpchloringted biphenyls
(PCBs) are inwolved in the dewelopment of disbetes mellitus
inthe obese. The purpose of this study was to determine
mechanisms by which PCB 153 (2,2°.4.4".5.5-hexachloro-
biphemnyl) could influence diet-induced obesity and insulin
resistance during adipogenesis. Linsage of h-ADMSCs was
differentiated either a5 control (differentiation medium only), or
with lipid wehide modeling high fat nutrition (NuTRIfex) or lipid
free wehide [dimethylsulfoxide) for 28 days with or without
PCB 153 daily co-exposure (in three concentrations 0.1, 1, and
10 pM). Gene expression analyses were performed  using
RT-gPCR at days 4, 10, 21, 24, 28; protein levels Akt and
phosphonyated Akt (Phospho-fkt) by Western blot at days 4,
and 21. PCB 153 treastment of h-ADMSCs only in lipid vehide was
associated with down regulation of key master genes of
adipogenesis: PPARy, SREEP-1, PPARGCLE, and PLINZ during the
whole process of differentiation; and with increased Akt and
decreasaed Phospho-Akt protein level at day 21, We have shown
that PCB 153, in concentration 0.1 pM, has a potential in lipid
rich environment to modulate differentiation of adipocytes.
Becawse European and US. adults have been exposed to

PCE 153, this particular nutrient-tosicant interaction potentialby
impacts human obesity and insulin sensitivity.
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Introduction

Obesity 15 a rapidly growing pandemic. Visceral
obesity 15 often seen In assoclation with hypertension,
dyslipiderma, insulin resistance and, type 2 diabetes
mellitas (T2DM). T2DM 1= a complex condition resulting
from the inferaction between genetic and emvironmental
factors, especially from unhealthy diets and decreased
phvsical achwvity. However, emergimg ewidence from
epidemaclogic studies has also suzgested the contribution

contaminants, 1ncluding
(PCBs) to the observed

of some emvironmental

polychlormated biphenyls
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growing T2DM (Lee er al 2006), and the metabolic
syndrome (Lee er al. 2007). PCBs are polyhalogenated
aromatic hydrocarbons consistng of up to 10 chlonne
atoms attzched to a biphenyl group. A total of 1.3 milhon
tons of PCBs consisting of 130 individual congeners were
marmufactured prior 1977 (Breivik ar al. 2002} for use in
elecirical and other industrial applications. In the former
Czechoslovakia, PCB  were marketed as techmical
mixtures under the trade name “Delor”™
produced m the amount of about 21.500 tons m Eastern
Slovakia from 1959 to 1984, when the production was
finally abolished (Pavuk er al 2004). About 11.600 tons
of this amount were used moide the former
Czechoslovakia (Cema er al 2008). Unfortunately,
thanks to this inhentance, the industrizl areas of the
Czech Republic have one of the highest PCE burdens of
all Ewope (Cema o al 2010). Although PCBs
production and sale have been banned in many mdustnal
countries for owver 30 wears, they are resistant to
biodegradation and thus continue to be present in the diet
however their exposure 15 confimuously decreased.
Contamunated food, especially fatty fish meat and milk
products, 1= shll 3 mamm source of thewr exposwe to
general population.

Their concentration m buman tissue 15 generally
monitored by using examunations of human breast milk
and also data from Ewope showing ther decreaszed
concentration. ‘MNon-dioxin-like” PCB 153, 138, and 180
are the mamm congeners which show the highest
concentration and are most frequently found i breast
milk (Bencko af al. 1998). Az well all of Amenican adult
MHANES participants had detectable circulating
PCB levels in humans and PCE 153 has the highest
median senun concentration of any simgle congeners
(Cave er al. 2010).

Adipose fissue 15 2 man storage site for many
lipophilic persistent orgamic pollutants, including PCBs.
Their structure determines thewr ability to interact with
muclear receptors, and thus they mav modulate
differentiation, metzbolism, and secretory funchions of
adipose fissue (see review Mullerova and Eopecky 2007).

The effect of PCB 133, has not been adequately
studied mn models of adipocyte differentiation, hkewise,
mm models with nuinent-toxicant interactions, which
appear to be mmportant m diet-induced obesity/metabolic
syndrome (Hennig er al 2007).

The pwpose of this study 15 1) to determine, in
a model of differentiating adipocytes, if PCB 153 chromie
exposure ifzelf 1z sufficient to alter expreszion of penes

and were

mvelved in adipocyte mahwration; and n) to determine 1f
PCB 153 diluted in lipid wvehicle simmlafing fatty diet
worsens differenfiation of adipocytes and ther fimetion
by exacerbating previously impheated mechanisms such
as msulin resistance.

Materials and Methods

In order to venfy a hypothesis that PCB 153 may
modify differentiation of adipocytes, and their function,
expression of selected genes by BT real-time PCE. and
proteins by Western blot as markers of differentiation and
msulin sensifivity were measured m a cell culhwe of
human adipose denved mesenchymal stem cells
(h-ADMSCs), which were differentiated either comtrol
{differentiation medium only, DA} or with hpid velucle
MNuTEIflex (LV), or with dimethylsulfoxide vehicle (SV)
for 28 days with or without PCB 153 daily co-exposure
({in three concentrations 0.1 pM. 1 pM, and 10 phd).
Monstoring of gene expression was performed at days 4.
10, 21, 24, 28 of differentiztion.

Cell eulture differentiation and PCE 1353 trearment

h-ADMSCs, 1solated from a single female donor
from subcutaneous adipose fissuwe and charactenzed by
flow cytometry were obtained from the Imitrogen
(Imntrogen Life Technologies GmbH, Darmstadt,
Germany) and culfured m S-well plate {TFP Techno
Plastic Products, Switzerland) mn commercially available
culture medinm MesenPF.O B5S™ Medmm supplementad
with DMMezenPRO RS5™ Growth Supplement wath
reduced serum level (2 %), 1% L-glotanune and 1 %
Gentamicine (all Imvitrogen Life Technologies GmbH,
Diarmstadt, Germany).

For adipogenic differentiation, h-ADMSCs were
seeded wath a total number of 1 x 105 cells in a f-well
cell culture plate and culured according to  the
mamfacturer’s mmstructions 1 StemPro® Adipogenesis
Dnfferentiation mediom  supplemented with 1%
Centamicine. The medmm was changed every 3 days up
to a total incubation time of 28 days.

The cells were mainfained and cultored mto
differentiated adipocytes under 5 % C0, atmosphere at
37°C. Cells were incubated erther control DM,
containng mnsabn 1250 I (glucose 23 mM, cholesterol
0.37 mM, tnacylglyeceroles (TG) 0.08 mbd), or DM wath
S5V or DM with LV (lugh fat medium, imitative high fat
diet, NuTEIflex® Lipid pen: glucose 23 mM, cholesterol
0.35 mM, TG 1.069 mh).
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PCB 153 (Sigma Aldneh St Lowms, MO, USA),
was admimstered erther in LV or in 5V at three different
concentrations (0.1 pb, 1 pM, and 10 phd) vs. controls
(DM, DM+LV, DM+5V). A gene expression analyses
were performed at days 4, 10, 21, 24 and 25. Thus mine
different treatment groups were evaluated in this fashion:
DM, DM+LV, DM+5V, DM+LV+PCE 153-0.1 uM,
DM+LV+PCB 153-1 ud, DM+LV+PCB 153-10 pM,
DM+5V+PCE 153-0.1 pM, DM+SV+PCB 153-1 puM,
DM+5V+PCE 153-10 pub.

Real time-PCR

Total ENA was 1solated from a pellet of cells
(approximately 10° cells) by FastRNAPro Green Eit
(QBIOzene, Irvime, CA, USA) EReverse franscnption
(BT} was performed from 250 ng of total RNA with
Supersenipt ITT Reverse Transeriptase (Life Technologies,
Carlsbad, CA, USA) and random hexamers as primers.
Table]l zhows the seguences of primers and
commespondmg UPL probes generated by ProbeFinder
Software (Foche, Mancheim Germany). The primers
were synthesized by East Port Praha (Prague, Czech
Fepublic). A quantitative estimation was performed m
techmical duphcates uwsmg UPL probes (Table 1) omn
Stratagene Mx3005P azpparatus (Amlent Technologies,
Ine., Santa Clara, CA, USA). All samples were also
assessed for the expression of reference genes GUSE,
HPET. YWHAZ. Selection of the most smiable reference
genes was done prior to the study (unpublished data). The
presented  as  pommalized
(2% 3] porithm) using zeometric mean of quantification
(Ct) of three reference genes (GUSB, HPRT, YWHAZT)
(Eozera and Fapacz 2013).

rezults  are values

Determination ef Phospho-Akt Akt by Western bloi

COm days 4 and 21, cells were lysed with M-FER
Mammalian Protem Extrachion Reagent (Thermo Fisher
Scientific, Waltham, MA, TUSA) confaming protease
mhabitor cocktanl (cOmplete Protease Inhubitor Cocktail
Tablets, Foche, Basel, Switzerland) and phosphatase
mhabitor cocktall (PhosSTOP Phosphatase Inhabitor
Cocktall Tablets, Roche, Basel, Swntzerland). The protem
was gquantfied using Pierce™ BCA Protem Assay Eit
(Thermeo Fisher Scientific, Waltham MA TTSA) and 3 pg
ahiquots of protem were electrophoresed by SDS-PAGE
and transferred to Immwn-Blot FVDF membranes (Bio-
Fad, Hercules, CA_ TISA)

Protein levels of Akt and Phospho-Akt wers
determined by PhosphoPlus Akt (Ser473) Antibody Duet

kit (Cell Sipmahngy Technologes, Damvers, MA, USA)
confainng primary antbodies Phospho-Akt (Serd73)
(DY9E) XP® Rabbit mAb (nsed in 1:2000 dilution) and
AktT (pan) (C6TET) Eabbit mAb (used m 1:1000
dilution). Ant-rabbit Iz, HRP-hnked Antbody (1:1000
dilution; Cell Signaling Technologies, Danvers, MA,
USA) was used as a secondary anfibody. For an internal
confrol and pwpose of relative gquantification,
glveeraldehwde 3-phosphate dehydrogenaze (GAPDH)
was detected by GAPDH (14C10) Eabbit mAb {1:2000
dilunon; Cell Signaling Technologies, Danvers, MA,
USA)

Immmne complexes were visuabized wusmg
WesternBright ECL HEP substrate (Advansta, Menlo
Park, CA, USA) and the lumunescent signal was detected
and relzfive band intensity was analyzed with a dizifal
documentation  system  and  software  Alliance 4.7
{UNTtee, Cambndge, UK).

Statistical analyziz

Statistical analyses were performed using Matlab
Statistics Tool Box wersion R2012a for Windows.
Non-parametric Wilcoxon two-sided signed-rank test was
performed for stzisteal analysis. P-value less than 0.05
was considered statistically significant.

Also nop-parametnic Friedman's test was
performed for statistical analvses of genes expression
dunng the momtored days of differenhation between by
PCB 133 exposed cells and controls. Friedman's test was
calenlated to assess whether there was a sigmificant effect
of the parbeular concentrations of PCE 133 on the
temporal changes in gene expression.

Results

PCE 153 meament altered mBNA expresszion of genes
imvolved in differentiation af adipocytes cultured in LF,
but had no effect on adipecytez culured i ST in
comparizon to a control with DM enly

(Gene expression was assessed m h-ADMSCs
dunng the process of differentiation to analyze potential
changes 1n expression of selected genes keeping cells in
phompotent state — OCT4 {octamer-binding transenphion
factor 4), MNANOG (nanog homeobox) PCB 153
treatment altered these gene expressions only o
differentiating adipocyvites cultivated m LV+DM, where
MNAMNOG gene expression in LV+DM+PCB 153 (0.1 and
1 pb) was sigmficantly decreaszed wvs. both LV+DM or
DM (p=0.05), but had no effect in SV+DM. OCT4 zene
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expression was zltered by PCB 133 depending on
concentration, while 0.1 pM reduced, and 1 pb mereazed
OCT4 expression (p={0.03). There was mno statistical
difference between DM and PCB freated cell culhures in
expression of SO3X2.

PCE 153 exposure altered gene exprezsion of mRNA of
profeins imvelved in lipid storage in ongoing proces: af
differentiation

PLIMN 2 (penbipm 2) expression was decreased n
LV+DM+PCB 153 (0.1 pM) +s. LV+DM (p=0.05).
Although there was a pon-sigmificant frend towards
higher PLIN 2 expressiom i LV ws. DM (p=0.13} we
have seen the =umlar pattern m  dichlorediphenyl
dichloroethylene (DDE) exposure (Mullerova e al
2016), where LV+DM increased expression of PLIN 2
vs. DM, and this increase was stfled by DDE exposure
(Mullerova ot al. 2018). Mo alterations were seen in
PCB 153 co-exposure in SWV+DM.

PCE 133 exposure dewn-regulated gene expreszsiom of
main regulators of adipogenssis PPARy, SREBP-1, and
PPARGCIE

PPARy  (peroxisome  proliferator-actvated
receptor ¥) 15 a3 member of the nuclear receptor
superfamily of ligand activated transenphon factors. It 1s
highly expressed i adipese fissue and it seems to be
a main regulator of adipogenesis (M1 er al 2013). FPARy
expression was m companson to DM sigmficantly
decreased mm LV+DM and wm LV+DM-+PCE 133 m
concentratons 10 pM and 0.1 pM ws. DM (p=0.03),
moreover there was a sigmificant difference betwesn
LV+DM and LV+-DM-+PCE 153 m concentration
0.1 yM, where this concentration firther intensified
reduction of FPARy pene expression (Fig. 1)

SEEBP-1 (sterol regulatory element-bindmg
protem-1} 15 also invelved mn adipogenesis. PCB 153 m
concentrations 0.1 and 1 pM reduced gene expression of
SREBP-1 in companisen to DM (p=20.03) or to LV+DM.,
bhowever 1o case of concentration 0.1 pld only at p value
0.07. There was a sigmificant difference m SEEBP-1
expression between LV+DM and DM (p=0.03) (Fig. 1).

Expression of PPARGCIE  (peroxisome
probferator-actrvated receptor v coactivator 1f) mBEMNA
which 1z mmduced during white and brown adipocyte
differentiabon. and regulates mitochondnzl exidative
metabohsm, significantly  decreased in
LV+DM+PCEB 133 in concentrations 10 and 0.1 pM vs.
DM (p=0.05) (Fig. 1). PPARGCIE mRMNA 15 hghly

was

responsive fo environmental cues and coordinate
metabohc gene programs through mterachon wnith
transeription factors and chromatin-remodeling proteins.

LF, but not PCE 133 exposure altered geme exprassion of
enzymes imvolved in adipocyie lipid metabolizm

There were also evident alterations mm gene
expression of enzymes involved in fatty acids de move
synthesis (FASN, fatty acid syothase) and gene
mmplicated 1 TG lbpelysis by hommone-sensitive lipase
(LIPE), under LW+DM treatment ws. DM, however
without any addiional effects of PCB 153 exposure.
FASN and LIPE gene expressions were statistically
sigmficantly decreased mm LV+DM and LV+DM+
PCB 153 m all examined concentrations (0.1 phd, 1 phd,
and 10 pM), in companson to DM, however there was
not a statisheal difference between LV+DM and
LV+DM+PCEB exposed cultwes. Transenption of
FASN gene can be activated by shmmlatory factors achng
through SEEBP-1.

PCE 133 expozure altered geme expression of proteins
imvolved in adipecyte glicose metabolism and insulin
SEmsTHvILY

Mo =igmficant differences were zeen 1 INSE
(msulin receptor) or im AKT? (protein kinasze B) genes
expression, apart from a stahisheal difference between
LV+DM+PCB 153, m 0.1 pM ws. LV+DM where the
expression 15 sigmficantly lower (p=-0.03).

There were not found any differences
expression of ACLY (ATP cirate lyase) gene after
exposure of PCB 1533 m companson to DM or DM+LV
or DM+5V.

PCEB 153 altered Phospho-Akr levels and Phospho-
Akt'dkr measured by Western blor although the effecr is
opposite at day 4 and 21 of ongoing differentiation
Although Akt gens expression m LV+DA. and
much meore m all three PCB 153 concentrations,
especially mn 0.1 M and 1 pM co-exposed cultures, was
reduced in companson to DM on day 4 of differentiztion,
Phospho-Akt level: were doubled in LV+DM and m all
these co-exposed cultures
However, on day 2]l 1t was completely wice wersa
Relation of Phospho-Akt to Akt was higher on day 4. and
lower on dav 21 in LV+DM, and more profound PCH in
PCB 153 co-exposed cultwres than DM, once again
especially in concentrations 0.1 and 1 pM (Fig. 2).

in comparisen to DML
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Fig. 1. PCB 153 chronic co-exposure down-regulates PPARy,
PPARGCLE, SREBP-1 gene expression, DM — differentiation
medium, LV — differentiation medium with lipid vehide, 0.1 pM -
differentiztion medium with lipid wehide with PCB 153
concentration 0.1 pM, 1 pM — differentiation medium with lipid
vehicle with PCB 153 concentration 1 pM, 10 uM — differentiation
medium with lipid wehicle with PCB 153 concentration 10 pM,
[, D10, D21, D24, D28 — days 4, 10, 21, 24, 28,

PPAR v (p<D.05) in: DM vs, LV+DM; DM vs. LV-+DM+PCB 153
{10 pM and 0.1 pMz LV+DM vs, LV-+DM+PCE 153 [0.1 pM).
PPARGCLE (p<0.05) in: DM vs. LV+DM+PCE 153 (0.1 M and
10 pM).

SREBP-1 (p<0.05) in: DM vs. LV+DM; DM vs. LV+DM+PCB 153
(0.1 M and 1 pM); DMLV vs, LV+DM-+PCB 153 (1 uM), p=0.07
in: DM+LY ws, LV+DM+PCB 153 (0.1 pM).
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Fig. 2. PCB 153 chronic co-exposure akers Phospho-akt levels
and Phospho-Akt/Akt measured by Western blot. DM -
differantiation medium, LY - differentiation medium with lipid
wehicle, 0.1 pM — differentiation medium with lipid vehice with
PCE 1523 concentration 0.1 pM, 1pM — differentiation medim
with lipid wehicle with PCB 153 concentration 1 pM, 10 pM -
differentiztion medium with lipid wehicle with PCB 153
concentration 10 pM, D4 — day 4, D21 — day 21.
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Discussion

PCBs are known to concenirate within adipose
fissue. Ohr aim was to evaluate effects of cloome
exposure of h-ADMSCs to PCB 153 duning the cngoing
process of differentiation.

Chronae toxicity in this study was monitored by
morphology, differentiation potenfial towards adipogeme
lneage, and especially by expressiom  analysis of
13 genes, taking part 1n differentiation and as well m
functions of maturated adipocytes, and the level of achive
Akt protemn (Phospho-Akt).

PCB 133 levels were smmlar to those found m
buman imd adjusted serum 10-1260 ng'g (Mdullerova er
al. 2013). Therefore, the PCH 153 dose m owr study
reflected the serum levels observed m obese human
populations.

Adipogenesiz and lipogenesis are governed by
a vast mumber of enzymes that act together along wath
key hormones and metabolites fo regulate fat cell
metabohizm Dhfferentiation of b-ADMSCs, adipocyte
precursors, 15 drven by a cascade of events controlled by
trapseription  regulators, coactvators, amd cell-cwels
controls. This entire process 1s closely regulated at the
transcriptional level.

h-ADMSC: were mduced to differentate in
vitre by means of DM containing an external cue, such as
msuling  glucocorticoids and'or molecules that can
merease mtracellular cAMP. These cues tigger the
begmming of a tanscmphonal cascade composed of
ametwork of protems that mediate the functions of
adipocyies.

We did not obzerve any effect of PCB 133 on
adipogenesis 1n the absence of lugh fat
vehiculum feedng, however, there were alterations of
gene expressions in case of fat velsculom with PCB 153,
Smilarly Wahlang e al (2013) documented that
PCB 153 is a relevant “second ht” mechamsm in the
genesis and progression of obesity occuning in the
context of a lugh fat diet. In consistency with findmes of
a meta-analvsis witlhun 12 Ewropean Both Cohorts, where
a low-level exposwre to PCB was imversely associated
with fetal growth (Govarts er al. 2012), in our study the
concentration of PCB 133 at lower concentration 0.1 phd
and 1 pM, had the more profound effect on adipogenesis
i comparison to the highest tested concentration 10 phd.
Smmularly a non-hnear pattern between persistent orgamic
pollutants exposwre and serum hpids/obesity has been
shown (Arrebola er al 2014).

At the beginning of differenhation b-ADMSCs
expressed plunpotency genes OCT4, S0X2, MANOG.
They are down-regulated with the ongoing process of
differenfiation. We ocbserved faster down-regulation of
MNANOG as effects of PCB 153, in concentration 0.1 phd,
diluted 1n fat wvehicle. a2 stmulus to
differenfiation to adipocyte and loss of plunpotency of
mesenchymal stem cells under PCH 153 treatment.

FASN 15 lughly expressed m lipogemc fissues
such as adipose fissue, liver, lactating breast. It 15 a key
enzyme m the de move synthesis of long-chain fatty acuds
starimy  with acetyl coenzvme A and malomyl-
coenzyme A using NADPH as a reducing factor. The
observed lower levels of FASH expression in our study
are determuned because cells obtamed their needed fatty
acwds from fat veloeulum, rather than from lipogenesis, as
ocours In nommual cells. FASN provides saturated lipads
for membrane synthesis, increased saturated hipid content
in the membranes. FASN expression and activities are
up-regulated by androgens and epidermal growth factor.
Howrever, we were not able to show any addihonz] effects
to fat velsenlum althowgh PCE 153 shows a2 weak
anfiandrogenic effect. FASN has been imphcated 1m
diabetez and cancer development It also can be
overexpressed through an activation of the PISE/Akt
pathway.

LIPE catalyzes both the release of fatty acds
from storage tnglveerides in adipocytes and the hberation
of cholestercl from cholestercl esters m steroidogemic
fissues. LIPE achwity 1z regulated m a  fissuwe-,
development- and hormone-specific fashion, the latter
large part by zenne phosphorvlaton (Sztrolovies ef al
1997, Smmlarly to FASH, there was a down-regulation
of LIPE after the treatment of fat velicunlum or fat
vehiculum with PCE 153, with no differences between
them.

It may be

PPAFRy, a member of the mclear receptor
1] ily of ligand achvated transemption factors,
represents one of the kev regulatory elements taking part
m proliferabon of precwrsor’s cells and  thew
differentiahon mio matare adipocvies. Its activaton by
vanous lipands (such as fatty acids and sicosanoids) sets
i the mm the transeription process promotng adipocyie
differenfiation. The level of FPARy protem peaks soon
after differentiation and remains lgh In mature
adipocytes. Thus PPARy functions as a cellular sensor for
nutrittonal fatty acids which, in matwe adipocyies, 1s
capable of transducing metabolic signals inte the
transeriptional control of genes imvelved in imsulin
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signaling, glucose and fatty acids metabolizm Inm
response to energy overfeeding, the exprezsion of PPARy
rather than SEEBPl was closely associated with most
adipogemue or lipogemsc genes (1 of al 2014). In our
study PPARy EXpIEsslon was sigmficantly
down-regulated 1 lipid vehicle and stll more afier
exposure to PCE 153 in concentration 0.1 ubd. Consistent
with owr results de move lipogenesiz pathway has been
demonstrated to be repressed m obese, insulin-resistant
adipose fissue of both hwmans and rodens however wath
cyvtokine-mediated suppression of PPARy and SREBF1
(Zhang et al. 1996, Sewter ef al. 2002, Tang ef al. 20086,
Ye 2008, Gumlherme ot al. 2009, Eeuper er al. 2013}
PPARy 1= requuwed for achvation of the Lipolyiic
regulatory network, dysregulatton of which 1= an
important feature of obesity-induced moulm resistance n
bumans. Defectrve PPAERy impans catecholamume-
mduced lipolysis. This aboormal lipolytic response 1s
exacerbated by a state of posittve energy balance m
leptin-deficient ob/ob mice (FRodnguwez-Cuenca et al
2012). Defective PPARy 15 associated with decreased
bazal expression of the lipase genes PNFLAZ (ATGL)
and LIPE (HSL). and lipid droplet protein gzenes FSP2T
and FLIMN 2 in wive and in viore. Only few smdies based
on preadipocytes model hawve shown that PCBs,
especially diccan hike PCBs as PCB 126 have potential by
the wav of AhR activation to mhibit FPARy transenption
and subszequent adipogenesis (Gadupud: er af. 20135).

MiFMA and its bost gene PPARGCLE are
primzary PPARy targets in adipocytes (John er al. 2012}
MiEWNA can induce hpogenesis and expression of
lipogenic genes, when overexpressed duwring adipogenssis
of mesenchymal precursors (Takada er al 2005).
PPARGCIBE 1= a known transcnptional co-activator
responstble for inducing the target genes of numerous
transeription factors that are imvolved m regulation of
lipogenesis and related processes (Lin er al. 2005, Ortega
et al 20100

The Akt (protein kinasze B) pathway 15 a signal
trapsduction pathway that promotes the swrvival and
growth in response to extracellular sigmals. Activated-
phosphorvlated Akt mediates dowmstream responses,
meludmg  cell
migrafion and angiogenesis, by phosphorylating a range
of mtracellular proteins.

The pathway i1z highly regulated by multiple
mechamsms, often mwvelnng cross-talk with other
signaling pathwavs. Problems with PI3E-Akt pathway
regulation have been linked to a range of diseases such as

swrvival, growith, proliferation, ecell

cancer and T2DM. Akt phosphorvlates as manv as
100 dafferent substrates, leading to a wide range of effects
on the cell For example mereased msulin signaling at
Akt =ignalng node may lead to reduwced msulin
sensifivity at endothelizl mitne oxide symthase (&NOS)
signaling code (Keamev 2013). The extremes of msulin
sensitivity both impact uwnfavourably on endothehan cell
function. Oy study showed an nereased Akt level and
decreased Phospho-Akt level, measured by Western blot,
at day 21 of ongoing process of differentiation becanse of
added hpid wehlicle; however these changes were more
profound after PCB 153 co-exposure, especially inm
0.1 pM and 1 phd concentrations. Due to that fact the
relation of Phospho-Akt to Akt was reduced once agamn
especially mn concentrations 0.1 and 1 pM.

In conclusion, thus study gives us a molecular
m=ight of PCB 153 induced changes in gene expression
with a special reference to differentiation process m the
h-ADMSCs line which leads to the mature adipocytes.
These changes are visible only m fat (nuirient toxe)
associated  especially  with
down-regulation of kev master genes of adipogenesis and
pAkt level Dvsfinctionzl adipocytes play a sigmficant
role inimrfiating insulin resistance. Preadipocyies make
up a large portion of adipose tissue and are necessary for
the generaton of funchonal mature adipocytes through
adipogenesis.
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Abstract

Backgrounds: Exposure to lipophilic environmental
pollutants has been explored as a risk factor of devel-
opment of diabetes mellitus in obese. Adipose tissue
is a reservoir of bioaccumulative lipophilic contami-
nants inchiding p p'-dichlorodiphenyldichloroethylens
(DDE). Our aim was to analyze the effect of DDE (in
concentrations 0.1 pM, 1 pM, and 10 pM) on adipo-
cyte differentiation and insulin signalling pathway on
in vifro adipogenic model of human adipose derived
mesenchymal stem cells (hADMSC).

Methods: The effect of DDE was monitored by analy-
sis of expression (KT gPCE., Westem blotting) of genes
involved in adipocyte differentiation and insulin sig-
nalling pathway including lipid metabelism on days O,
4,10, 21, 28 of differentiation.

Results: The main observation was significant increase
of INSE, LIPE, FASN, SREBFP1, OCT4 and AET2
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expression under influence of DDE. We did not record
any increase of the active form of Akt

Conclusion: Cur findings suggest that DDE exposure
changes the differentiation of adipocytes, enhances the
lipid metabolism and so may play a role in the devel-
opment of obesity and metabolic diseases by affecting
the insulin signalling pathway. The infivence of DDE
seems to be similar to the effect of insulin itself. How-
ever, further studies to elucidate the mechanism of ac-
tion of DDE are necessary.

Keywords: Adipocytes, Persistent organic pollutants,
Dichlorodiphenyl dichloroethylene (DDE), Endocrine
disTuptor, Obesity

Introduction

Recently, the exposure to lipophilic environmental
pollutants has been explored as a potential risk factor
of obesity and metabolic diseases including type 2 dia-
betes. Epidemiological studies have revealed elevated
serum concenfrations of certain persistent organic pol-
lutants (POPs), including the pp'-dichlorediphenyl-
dichloroethylene (DDE), are associated with higher
prevalence of type 2 diabetes'. At present, DDE, the
metabolite of dichlorodiphenyltrichloroethane (DDT),
and hexachlorobenzene, are still highly widespread in
the environment and in the food chain®.

In the human body, the adipose tissue is a reservoir
of lipophilic POPs. It is suggested that DDE, as other
arganochlorine pesticides, may crossroad or modulate
the effect of endogenous ligands of nuclear transcrip-
tion factors, participating in the differentiation, metab-

@ Springer
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olism and the secretory function of adipocytes. These
mechanisms inclode most importantly endocrine dis-
mpting potency of POP mixtures on androgen, estro-
gen of thyreid hommone metabolism/functions in the
white adipose tissue®*. DDE has been demonstrated to
be an androgen receptor antagonist® and glucocorticoid
receptor antagonist”. Indeed, the specific mechanism
of DDE action is just beginning to be elucidated.

Mesenchymal stem cell pluripotency and differentia-
tion to adipocytes are controlled by a complex network
of transcription factors®. First we monitored the ongo-
ing process of differentiation and the effect of DDE
o it by an analysis of expression of genes plaving
roles during development of mature adipocyte from
mesenchymal stem cells. We analyzed the expression
of genes keeping cells in pluripotent state — OCT4
{octamer-binding transcription factor 4), NANOG
{nanog homechox) and SO 2 (SEY-box 2), and genes
directing differentiation into adipocytes — PPAR Yy (per-
oxisome proliferator-activated receptor gamma) and
PPARGCILE (peroxisome proliferator-activated recep-
tor gamma, coactivator 1 beta). Homeodomain tran-
scription factors OCT4, SOX2 and NANOG have been
recognised as key transcriptional regulators not onl
in embryogenesis but in somatic stem cells as well ™.
NANOG, 50X2 and OCT4 closely interact with each
other and share target genes™"". OCT4 and S0X2 have
been shown to form a heterodimeric transcription com-
plex'¥. NANOG seems to stabilise the pluripotent
state'. Tak/Stat3 and AKtPI3E signalling pathways
play an important role in regulation of the activity of
SOX2 and OCT4'™'",

PPARy 1z a member of the nuclear receptor super-
family of ligand activated transcription factors. It is
highly expressed in adipose tissue. PPARY 15 a tran-
scription factor which plays a central role in the differ-
entiation and maturation of adipocytes'™™.

Pro-adipogenic transcription factors (¢.g. CCAATS
enhancer-binding proteins) promote adipogenesis in
part via regulation of PPAR Yy expression or by stim-
ulating PPARy transcriptional activity'. PPARYy het-
erodimerizes with the retinoid X receptor (RXR) and
binds to PPAR responsive element (PPRE) in the reg-
ulatory region of the target genes™ and so it has an
influence on such processes as lipid metabolism™ , glu-
cocorticoid mﬁnaujng::. insulin signalling™, as well as
cAMP levels—.

PPARGCIB mENA is induced during white and
brown adipocyte differentiation™. PPARGCLE regu-
lates mitechondrial oxidative metabolism. It is highly
responsive to environmental cues and coordinates met-
abolic gene programs through interaction with tran-
scription factors and chromatin-remodeling proteins™.

Uncoupling protein 3 (UCP3) is a member of mi-

tochondrial uncoupling proteins, that increase proton
leak across the inner mitochondrial membrane. While
UCP1 is exclusively expressed in brown adipose tissue
and has a role in non-shivering thermogenesis, UCP3
is expressed primarily in muscle and in both white and
brown adipose tissue™. The function of UCP3 is just
being elucidated, UCP3 was proposed to modulate the
respiratory chain, transport fatty acids and to have pro-
tective role against triglyceride accunmulation™.

Furthermore, we have monitored the DDE effect on
insulin receptor pathway and lipid metabolism in re-
lation to insulin resistance, by the assessment of the
expression of genes: insulin receptor (INSE), homo sa-
piens v-akt murine thymoma viral oncogene homolog
2 (AET2), sterol regulatory element-binding protein
(SREEP-1), ATP citrate Iyase (ACLY), hormone-sen-
sitive lipase (LIPE) and fatty acid symthase (FASN).
INSER is a plasma membrane-resident glycoprotein
with the tyrosine kinase activity through which the
actions of nsulin are mediated. As a receptor tyrosine
kinase, activated INSE. phosphorylates sites in its car-
boxy-terminal regions, which, serve as recruitment
sites for the SH2 domains of phosphatidylinositol 3-ki-
nase (PI3E)™, which, on activation, leads to the acti-
vation of Aki. SREBP-1 is an important ranscriptional
factor that controls lipogenesis and the lipid uptaks™.

Lipids which serve as a main storage of energy are
neufral fats, chemically triacvlglyeerols, esters of glye-
erol and fatty acids. FASN, which catalyses de novo
synthesis of fatty acids, can modulate the expression
of genes involved in pathogenesis of metabolic diseas-
es'!. The transcription of FASN gene can be activated
by sﬁmulaturir factors acting through SREBP-1 men-
tioned above ™.

ACLY is an enzyme responsible for the formation
of cytosolic acetyl-CoA. Acetyl-CoA is formed from
saccharides in mitochondria and for the biosynthesis
of fatty acids it muost be wansported in to cytosol. So,
ACLY is a cross-link between glucose metabolism and
fatty acid synthesis. One of the ways of ACLY activity
regulation is via phosphorylation by insulin signal-
ling™.

EM is gene coding hormone sensitive lipase (HSL),
enzyme activated by Gas/cAMP/PEAMHSL signalling
responsible for the cleavage of fatty acids from tri-
glycerides ™. The linking molecule govemning expres-
sion of LIPE, ACLY, FASN and PPARYy is the tran-
scription factor SEEBP1.

e addressed the question of whether the presence of
DDE in the cultivation medium during the differentia-
tion of progenitor cells into adipocyies, could cause in-
sulin resistance by influencing the insulin receptor path-
way and subsequently, changing the gene expression of
enzymes and regulatory molecules of lipid metabolism.
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Materials & Methods

To examine the effect of DDE on adipocyte differen-
tiation and metabolism, we prepared an in vifre model
of adipocytes from human mesenchymal stem cells
derived from adipose tissue (hADMSC), where cells
were grown either as controls (cultivation in differen-
tiation medium alone or in differentiation medium en-
riched by lipids) or DDE exposed (cultivation in differ-
entiation medium enriched by lipids containing DDE
in one of three concenmations: 0.1 p, 1 pM, and 10
pMf). The concentrations of DDE were chosen to re-
flect the levels measured in human serum or adipose
tissue**, therefore may have biological relevance. Re-
al-time PCE was used to analyvze the potential changes
in the expression of sslected genes under the influence
of DDE. The assessed genes. sequences of primers and
comresponding UPL (Universal Probe Library) probes
are listed in Table 1.

Cell culture, differentiation and DDE treatment

Human adipose-derived stem cells (hADMSCs) from
Invitrogen (Life Technologies GmbH, Darmstadt, Ger-
many) were cultivated in 6-well plates (TPP Techno
Plastic Products, Switzerland) in the commercially
available culture medium MesenPRO RS™ Medium
supplemented with MesenPRO RS Growth Sup-
plement with reduced semum level (2%), 1% L-gluta-
mine and 1% Gentamicine (Life Technologies GmbH,
Darmstadt, Germany) as we described previously™.

The differentiation into adipocytes was performed
by StemPro® adipogenesis differentiation kit (Life
Technologies GmbH, Darmstadt, Germany) according
to the manufacturer’s protocol. The cells were seeded
with a total number of 1% 10° cells in a 6-well cell cul-
ture plate. The mediom was changed every 3 days up
to a total incubation time of 28 days.

The cultures were exposed to DDE (Sigma Aldrich,
5t. Louis, MO, TUSA) for 28 consecutive days from
the start of the experiment until the full differentiation.
DDE was administered in lipid vehicle (lipid fraction
of NuTRIflex* Lipid per (B. Braun, Melsungen, Ger-
many) in three different concentrations (0.1 pM, 1 pM,
and 10 pM). Lipid vehicle contained medium chain
triglveerides (100 g/L) and soya bean oil (100 g/L).
The concentration of the lipid vehicle in differentiation
medium was 0.2% (v/v). The control cultures received
the differentiation medium alone or with the lipid ve-
hicle without DDE. The cell samples for quantitative
estimation of mEMNA were taken on days 0, 4, 10, 21
and 28 of the course of differentiation. All experiments
were done in biological triplicates.

Quantitative estimation of mBNA of selected genes
using RT real-time PCR

A quantitative estimation of mENA of selected genes
was performed by ET real-time PCR. method with UPL
probes {(Universal Probe Library, Roche). The total
RMA was isolated from a pellet of cells (approximately
107 cells) by FastENAPro Green Eit (QBIOgene, I-
vine, CA, USA). A reverse franscription (BT) was per-
formed from 250 ng of the total ENA with Superscript
II Reverse Transcriptase (Life Technologies, Carls-
bad, CA, USA) and random hexamers as primers. The
sequences of primers and comesponding UPL probes
(Table 1) were generated by ProbeFinder Software
(Roche, Mannheim, Germany) as we published pre-
viously”'. The primers were synthesized by East Port
Praha (Praha, Czech Eepublic). The quantitative esti-
mation was performed in technical duplicates on Strat-
agene ME3I005P apparatus (Agilent Technologies, San-
ta Clara, CA, USA). All samples were also assessed
for the expression of reference genes fi-glucuronidase
(GUSE), hypoxanthine guanine phosphoribosyltrans-
ferase (HPRT) and tyrosine 3/tryptophan 5-monooxy-
genase activation protein zeta (YWHAZ). The results
are presented as normalized values (244 algorithm)
using the geometric mean of quantifications (Ctf) of the
three reference genes.

Determination of p-Akt/ Akt by Western blot

Om days 4 and 21, cells were lysed with M-PER Mam-
malian Protein Extraction Reagent (Thermo Fisher
Scientific, Waltham, MA, USA) containing a protease
inhibitor cocktail (cOmplete Protease Inhibitor Cocldail
Tablets, Roche, Basel, Switzerland) and a phosphatase
inhibitor cocktail (PhosSTOP Phosphatase Inhibitor
Cocktail Tablets, Roche, Basel, Switzerland). The pro-
tein was quantified using Pierce™ BCA Protein Assay
Eit (Thermo Fisher Scientific, Waltham, MA, TSA)
and 3 pg aliquots of protein were electrophoresed by
5DS-PAGE and transferred onto Imnnun-Blot PVDF
membranes (Bio-Rad, Hercules, CA, TTSA).

Protein levels of Akt and p-Akt were determined by
PhosphoPlus Akt (Ser473) Antibody Duet kit (Cell Sig-
nalling Technologies, Danvers, MA, USA) com‘a%
primary antibodies Phospho-Akt (Ser473) (D9E)
Rabbit mAb (used in 1:2000 dilution) and Akt (pan)
(C&TET) Rabbit mAb (used in 1:1000 dilution). An-
ti-rabbit IgG, HRP-linked Antibody (1:10000 dilution;
Cell Signalling Technologies, Danvers, MA, USA) was
used as a secondary antibody. For the purposes of inter-
nal control and relative quantification, glyceraldelyde
3-phosphate dehydrogenase (GAPDH) was detected by
GAPDH (14C10) Fabbit mAb (1:1000 dilution; Cell
Signalling Technologies, Danvers, MA, TSA).
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Figure 1, The changes of gene expression during the course of differentiation (day 0, day 4, day 10, day 21, day 28} of hADMSEC
inte adipocytes caused by presence of DDE. The differentating cells were cultvated in differentiation medium (M), differentia-
tion medinm supplemented with lipid vehicuhon (84 + L) and differendation medinm supplemented with lipid vehiculum contain-
ing DDE at 3 different concentradons: DDE at conceniration 0.1 pbd (C1), 1 pbd (C2), 10 pd A (C3). The relative expression values
showm are the mean + standard emror of the mean (SEM). (A-D) Alteration of the expression of genes involved in keeping phiripo-
tent state and differentiation (QCT4, SOX2, NANOG, PRARYCLB). (E) Increase of exprezsion of the adipogenesis regulator FPARYy
tll day 21 of the course of differendation canzed by DDE. (F-T) Increaze of expression of zenes involved in adipoeyte lipid metabo-
lism {SREBP1, ACLY, FASN, LIPE, UCP3) cansed by DDE. (E-L) Increase of expression of members of insulin signalling pathway

(INSR, AKT?) cansed by DDE.

The immune complexes were visualized using West-
emBright ECL HEP subsirate (Advansta, Menlo Park,
CA, U5A), the luminescent signal was detected and
the relative band intensity was analyzed by a digi-
tal documentation system and software Alliance 4.7

(UVTtec, Cambridge, UK).

Statistical analysis

All experiments were done in biological triplicates.
Gene expression analysis using RT gPCE was done
in technical duplicates. A non-parametric Wilcoxon
two-sided signed-rank test was used for statistical
comparisons of gene expression data. The values in
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graphs are presented as the mean +standard error of
the mean. The differences were considered statistically
significant if P<Z0.03.

Results

The effect of DDE on the alteration of the expression
of genes involved in keeping pluripotent state and
differentiation

On the days of measurement, during the course of the
28 days of differentiation of hADMSC to adipocytes,
we observed a statistically significant decrease in
OCT4, NANOG, S0X2 and PPARyCI1B expression
in cells cultivated in standard differentiation medium
enriched by lipids in comparison to those cultivated in
standard differentiation medium alone. The results are
summarised in Figure 1.

The cultivation in medium containing DDE sig-
nificantly increased the expression of OCT4 and
PPARyC1E. This effect was observed on each of the
days when samples were taken. The results showing
the effect of DDE on NANOG proved not to be ho-
mogenous; however, there was an obvious decrease
in NANOG expression on day 28 of the experiment.
DDE in concenirations 10 pM and 1 pM caused a sig-
nificant increase of SOX2 expression. Based on our
comparison of the levels of differentiation markers, we
determined that the presence of lipids in the cultivation
medium foreshortened the period they spent in a plu-
ripotent state, while cells under the influence of DDE
showed a tendency to maintain their pluripotent char-
acteristics for longer.

The effect of DDE on the alteration of the expression
of the main regulator of adipogenesis PPAR~y

During the course in differentiation medum alone, we
observed the increase of PPARYy expression. We mea-
sured a statistically significant decrease in expression
of PPAR.Y in standard differentiation medium enriched
by lipids compared to standard differentiation medi-
um alone. A significant increase in PPARy expression
till day 21 of the course of differentiation was caused
by the presence of DDE. On day 28, in time of fully
differentiated adipocytes, we observed decrease in ex-
pression of FPARy in cell culhures exposed to lipids.

The effect of DDE on the alteration of the expression
of genes coding enzymes involved in adipocyte lipid
metabolism

We observed a statistically significant decrease in ex-
pression of ACLY, FASN, LIPE, SEEEPI in standard
differentiation medium enriched by lipids in compar-

ison to standard differentiation medium alone. The
cultivation in medium containing DDE significantly
increased the expression of FASN, LIPE and SREBPI;
regarding ACLY expression, this effect was only sig-
nificant in concentrations 0.1 pM and 1 pM. When
evaluating the effect of DDE on metabolism, we have
to discern the effects of the presence of lipids and that
of DDE as such. While ACLY and LIPE undeniably
decrease their expression in the presence of lipids,
and DDE only slighfly, though significantly, dimin-
ishes this effect; the expression of FASN, SREBP1
and UCP3 is predominantly influenced by DDE, more
markedly in lower DDE concentrations (1 pM and 10
).

The effect of DDE on the alteration of expression of
meémbers of insulin signalling pathway

We found a statistically significant decrease of AET2
expression in standard differentiafion medium enriched
by lipids in comparison to standard differentiation
medium alone. The cultivation in medium containing
DDE caused a significant increase of INSE. and AET2
expression. Figure 2 illustrates the link of insulin sig-
nalling pathway to adipogenesis and lipid metabolism
and changes under DDE exposure.

The effect of DDE on the alteration of Akt activity as
a response to the stimulation of insulin receptor

The active form of Akt was assessed as the ratio of
phosphorylated Akt and total Akt protein and also as

I -

|

INSR
DBE
AKT2 !
\ e S [ e—
- | of expression
SREBPL
T _./
- - .
PPARY LIPE ACLY, FASH
Adipogenesis  Lipolysis  Fatly ocld synthesls

Figure 1. The link of insulin signalling pathway to adipogen-
esis and lipid metabolizm. Under DDE exposure, we observed
increase of expression of genes involved in insulin signalling
pathwray (INSE., AEKT2, SREBP1) and penes whose expression
is regulated by wanscription factor SREEPL (FPARy, LIFE,
ACLY, FASN]).
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Figure 3. The effect of DDE exposure on Akt activity {phos-
pho-Akt, 5erd73) during the course of differentiation (day 4.
day 21) of hADMSC into adipocytes. The differentating cells
were cultivated in differentiaton medium (W), differenta-
tion medium supplemented with lipid vehiculum (M + L) and
differentiation medium supplemented with lipid vehicolwm
containing DDE at 3 different concentrations: DDE at concen-
maton 0.1 uM (C1), 1 pM (C2), 10 pM (C3). (A) Western blot
images. (B) Cuantitation of phospho-Akt (the rado phosphor-
vlated Akt and GAPDH protein). (C) The ratio of phosphory-
lated Akt and total Akt protein. In the presence of DDE |, there
was only a slight increase in activity of Akt {10% in average).

the ratio phosphorylated Akt and GAPDH protein.
Neither on day 4 nor on day 21 of the experiment, we
recorded changes in the activity of Akt under the influ-
ence of lipids in the cultivation medium. Comparing
ARt activity on day 4 of the course of differentiation,
we found that cells cultivated in the presence of pol-
Iutants showed higher activity of Akt by only 20% in
average (Figure 3C).

There was a global decrease of Akt activity on day

21 compared to day 4. Comparing Akt activity on day
21 of the course of differentiation, we found that cells
cultivated in the presence of pollutants showed only
a slight increase in activity of Akt (10% in average),
shown in Figure 3C.

The summary of DDE effect on adipogenesis and
gene expression changes

Changes in morphology of the cells and comesponding
changes of gene expression during the course of differ-
entiation from hADMSC into adipocytes are shown in

Figure 4.

Discussion

DDE is known to be an environmental bicaccummulative
confaminant with an affinity to adipose tissue. Our aim
was to evaluate the effects of exposure to DDE on the
process of differentiation of hADMSC to adipocytes.
We monitored DDE’s effect on the insulin receptor
pathway and lipid metabolism in the relation to insu-
lin resistance by analyzing gene expression changes of
genes involved in the insulin signalling pathway and
lipogenesis.

First we monitored the expression of the core fran-
scription facters in the conirol of phiripotency (NANOG,
OCT4 and S0X2) in cxder to evaluate the effect of DDE
on the course of differentiation. The culfivation in medi-
um containing DDE significantly increased the expres-
sion of OCT4. In this regard, DDE contained in differ-
entiation mednm causes a change in the differentiation
programme. The same holds true for the SOX2 gene.
Taken together, we think that DDE prolongs pluripotent
features_ In relation to the above, the work of other au-
thors shows a proliferative effect of DDE on preadipo-
cytes™, and also other cells™. PPARYCIB is a member
of the PGC-1 family of multifunctional transcriptional
coregulators that act as “molecular switches’ in many
metabolic pathways. PPARYCI1E robustly regulates
mitochondrial oxidative metabolism. Uldry er al. have
observed PGC-1b mRNA is induced during white and
brown adipocyte differentiation®™ . Our results seem to
indicate this as well, the cultivation in differentiation
medium causes increase of PPARyC1E during the
course of differentiation. We measured a more distinct
increase in PPARYC1E expression during differenti-
ation under the influence of DDE. We would like to
mention that during the differentiation, we performed
cell morphology documentation. Cells cultivated under
the influence of DDE visually seemed more prosper-
ous and differentiating. This observation is consistent
with the results of the work of Mangum ef al. however,



376

Mol Cell Toxicol (2018) 14:368-370

o
+ MuTRIlex
- - - days of
V] 21 I8 differestiation
k
+ NuTRIMex
+ DDE
The effect of DDE an:
phuripotent state OCTAT SONZT PRARCIRT  DCT SOK2T PRARCIT OCT4T PRAAVEIRT MANGGL  OCTAT SONIT FRARYCIRT NANDG
adipogenesis PRy T PraRy T
lipid mietabalism ShERPIt RSNT sneeplf rasnfd RS SREBPLY ALLYH FASHT UPET  SRESPLY FASKT
insailie sigralling pathvwsy GRS AKTIH IHSRE AKTIH i T NSRS ANTZE

Figure 4, The effect of DDE exposure on differentiadon of hADMSC into adipocytes. Micrographs show fonmation of lipid vacu-
oles during the course of differentiation. Differentated adipocyies full of munerous lipid vacuoles are present from day 21. Corme-
spomding changes of gene expression are anmmarized. DDE showed a tendemcy 1o keep plurpotent characteriztics for longer. Under
DDE exposure, there was an increase of expression of genes of lipid metabolizm ans insulin signalling pathway.

carried out on other cell lines (3T3-L1)*.

The main objective of our work was to investigate
DDE’s effect on the insulin receptor pathway and lipid
metabolism. Recently, it has been revealed that obesi-
ty-associated hyperinsulinemia drives adipose tissue
inflammation, which in tun contributes to factors that
suppress nsulin-stinmlated adipocyte de novo lipogen-
esis and systemic insulin sensitivity™ . We found the
results pertaining to the relationship between insulin
receptor expression and AET2 as well as its actual ac-
tive (phosphorylated) form to be of particular interest.
We measured a marked rise in expression of the insu-
lin receptor and AKT2 in the presence of DDE, most
notably in the differentiation medinm with the lowest
DDE conceniration. Here, we would like to point out
that the insulin concentration during the cultivation
was higher than the physiological norm, the cells were
under permanent insulin stimulation. Thus, under these
conditions, the cells should not respond by increasing
the expression INSE. While during cultivation in the
differential medium and in differential medium supple-
mented with lipids is INSR expression relatively low,
exposure to DDE caused a marked increase. Therefore,
an increase in expression of insulin receptor mmust be
related to the effects of DDE.

However, under the influence of DDE, the activation
of insulin receptors caused only a slight increase of the
active form of AKL (results of Westemn blot). This ob-
servation could be one the hints how presence of DDE
causes insulin resistance.

Cur results show that the cultivation in lipid-rich
medium decreases the levels of the SREEP] manscrp-

tion factor, which regulates the expression of FASN.
And in fact, we did note a decrease of FASN expres-
sion. DDE radically alters this effect, as its presence
causes overexpression of FASN despite the fact that
fatty acid synthesis is unnecessary in a lipid-rich medi-
um. In this sense, DDE stimulates fatty acid synthesis.

Although we did not registered a significant increass
in the active form of Akt, we measured an increase
in the expression of genes invelved in lipogenesis
(SREBP1, ACLY, FASN), an effect attributed to insu-
lin. This hints to a different mechanism of upregulation
of these genes than that mediated by Akt. One of the
ways which could contribute to this upregulation can
be the previously described inhibition of glucorticoid
nurle;ir receptor transcriptional activity to 72.3% by
DDE".

Similarly, as in the case of genes partaking of lipogen-
esis, DDE diluted in the differentiation mediom caused
an increase in expression of LIPE, a gene connected
with lipid metabolism. The presence of the lipids in the
differentiation medium decreased LIPE expression com-
pared to its expression in cells cultivate in the different-
ation medium alone; DDE diminished this effect. Based
on our analysis of gene expression of genes concemed
in lipid metabolism, we surmise that DDE in the pres-
ence of lipids, unexpectedly, stimmlates lipid synthesis.
Interesting finding iz an increase of UCP3 expression
under DDE influence which may be caused by overpro-
duction of lipids in the cells due to DDE exposure. It is
consistent with recent view on function of UCP3 which
is supposed to protect against triglveeride accumula-
tion™.
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PPAFR:y is a lipid activated transcription factor regu-
lating zenes invelved in terminal adipocyte differenti-
ation and lipid metabolism™. Similarly as it has been
published, we observed gradual increase in expression
over the time of differentiation. PPAR:y regulates tran-
scription activity of genes responsible for adipogenesis
and lipid metabolism including FASN™. In our model,
the cells under the influence of DDE increase the ex-
pression of PPARy, and it also probably contributes
to the observed increase in expression of FASN. In
time of fully differentiated adipocytes, we observed
decrease in expression of PPARy in cell cultures ex-
posed to lipids. Moereover, on day 10 and 21, there was
significant increase of PPARy under the influence of
DDE. We hypothesize that one of the effects of DDE
is a change of differentiation to adipocytes in regards
of faster attainment of adipocyte features.

Based on the assessment of the expression of genes
mvolved in lipid synthesis and its regulation, the influ-
ence of DDE on differentiating adipocytes seems to be
similar to the effect of nsulin itself, among other things
increase of lipid synthesis. It would thus be hypothe-
sized that DDE mobilizes metabolism like insulin, and
therefore, the natural regulation of metabolism by insu-
lin may not achieve the comect response. If an organism
wants to achieve an adequate response, it is possible
either by increased insulin levels or by increasing the
insulin sensitivity.

e think that this hypothesis is consistent with the
results of the epidemiclogic study of Tang-Péronard er
al_ published in 2015. High prenatal POP exposure {(in-
cluding DDE) was associated with high insulin levels
in 5-year-old girls™.

In the context of the foregoing, an interesting result
was published by Howell et al., who found that sub-
acute exposition of mice to DDE caused hyperglycemia,
which had not been caused by insulin resistence™. The
same authors states that chronic DDE exposure despite
initial hyperslycemia leads to the normalization of gly-
cemia. This normalization of fasting glucoss levels ap-
pears to be a product of the increased insulin sensiivity,
increased glucose disposal possibly mediated by the
nommalization of skeletal mmscle Glut4 protein levels,
and a decreased hepatic glucose production as indicated
by the decreased expression of gluconeogenic genes™.

Arrebola ef al. in a cohort of women with a history
of gestational diabetes mellitus found association be-
tween DDE and 2-h immunoreactive insulin®. In our
model cell lines, we observed under the influence of
DDE overexpression of enzymes leading to the synthe-
sis of fatty acids. At the level of the whole organism,
Michele La Merrill ef al. described after perinatal ex-
posure of mice to the pesticide DDT increase in body
fat in female offspring. Female offspring perinatally

exposed to DDT developed glucose intolerance, hyper-
insulinemia, dyslipidemia, and altered bile acid metab-
olism™®’.

Eim ef al. in 2016 published results of a study on the
effect of DDT and DDE on adipocyte differentiation
and lipid metabolism. In contrary to our study, they used
3T3-L1 cell line as a model of adipocytes and they ad-
ministered DDE in dimethyl sulfoxide (DMS0). These
authors analyzed the expression of PPARy FASN,
ACLY and LIPE and similarly as us observed higher ex-
pression of these genes in the cells treated by DDE™.

Pestana ef al. in 2017 described the effects of DDE
exposure on Wistar rats. They concluded DDE expo-
sure contributes to metabolic syndrom evolution and
dysmetabolic obesity™.

Conclusion

Onr findings suggest that DDE exposure changes the
differentiation of adipocytes, enhances the lipid me-
fabolism and so may play a role in the development of
obesity and metabolic diseases by affecting the insulin
signalling pathway. However, further studies to elu-
cidate more deeply the mechanism of action of DDE
and especially to identify the direct targets of DDE are
DECESSATY.
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Tukiowé kapénky nachdzime ve vétEing bunék, kde jsou potiebné
pro matabolismus lipidd a enargetickou homeostaru. Jajich bioge-
neze je zatim médko prozkoumnany proces, pii kierém z dvouvrshed
membrdny hladkého endoplarmatického ratikula vznikd organela
s monomolekuldmi wrstvou na povrchu. Velké tukové kapénky sa
mohou twofit bud ristemn, nebo spojovénim mensich tukovich
kapenek. lejich zakladnimi funkcemi jsou kontrolované ukladani
a fizany metabolismus lipidd & ochrana infraceluldrniho prostiedi
pred lipotodicitow. V soucasné dobé je dysfunkos tukové kapénky
spojovana s fadou onemocnéni, jako jsou oberita, kardiometabolickf
syndrom, nédorova a neurodegenarativni onemaonéni, lipodystrofia
a kachexie.

KLICOVA SLOVA
tukova kapénka, adipocyt, endoplazmatické retikulum, perilipin,
obezita, diabetes mellitus 2. typu, lipodystrofie

UvoD

Tukové kapéliky byly p0 mMnohd desetileti povaZovally
jen za poully iNeTtni rezeTvodl zAsobll eneTgie we forms k-
pidd. Stdle vice sev3ak potvIzuje jejich nenanraditelna role
v mnohych fyziologickych i patofyziologickych pochodech.
Do popiedi zdjmu se tukows kapénky dostdvaji zejménaz di-
vodu zvySujici se prevalence oberity, diabero mellitu 2. typa
a dalfich slofek metabolickéno syndromu (1).

Jedna se 0 dy namické organaly DeteTogennive stiukife,
chemickém slogeni a tkafiovEm rozloieni, jed se vyskytuji
pledeviim v adipocytech. V proménlivem poftu a velikosti
jsou nachdzeny i v mnoha daliich typech eukaryotickych
bunédk (tab.1, obr.1).

Hlavni funkci tukows kapbhky je skladovdnd tuka ve for-
mé Nydrofobnich triacylglyceTold (triglyceridd). Tato funkce
je nejvice ziotelnd u adipocytd bilé toukowd thins § jodnou
velkou uniloknlitni mkovou kapénkou, kierd vyplfinje wit-
finu cytoplazmy bufiky a jidro a dalii organely utlafuje do
periferie. Bild tukovi tkdfi je v savch roeptylend po celdém
téle. Nejvice ruku se nachdziv podkofi av intraabdomindini
Oblast.

Rozezndv dme jeétd dalsi dva typy tukowé tkané, hnédou
a bézovou. VEtSi zasoby hnéds tukoveé tkané maji kojenci,
Casem tatd thall podlénd involuci, ale cely Zivot pletTvdva
v inwerskapuldmim prostou, paravertebrdlnsg, axilima
2 perirending Hnédd rokovd tkifl je rermogennim organern.
Jeji bufiky jsou mensi nef bufiky bilé tkdnd, obsahuji virdi
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SUMMARY

Lipid droplets are found in most cells, where thay are needed for
lipid metabolism and anergy homeostasis. Their biogenasis is still
not entirely described process, in which an ceganelle with mono-
melecular layer on the surfaca originates from two-layer membrana
of the smooth endoplasmic reticulum. Large lipid droplets can ba
formed either by growth or by fusion of smaller lipid droplats. Thair
basic fumctions are controlled lipid deposition and lipid metabaolism
and the protection of tha intracellular anvironmeant from Epobawcity.
Currently, dysfunction of lipid droplet is associated with a number
of diseasas such as obasity, cardiometabolic syndrome, tumor and
neurndegenarative diseases, lipodystrophy and cachexia.

KEYWORDS
lipid droplet, adipocyte, endoplasmic reticulum, perilipin,
obesity, type 2 diabetes mellitus, lipodystrophy

mnoEstvi Makych tukovych kapének a hodnd mitochon-
drii. Bé&owou tukovou thini jSou Nazyviny Inddsé adipocyty
wySkytujici S¢ p0 teTMOESNNI StiMulaci v anatomickycn
mistech odpovidajicich bilé mkové thani. Temtd ploces se
Nazyvi hnddnuti mkowé thkind. B&ovou mukovon thkif mi-
fermne charakreTizovat kombinaci obouw piedeihych typlh. Jeji
bufiky jsou prostiednd velikosti, maji vice wétZich mkovych
kapének a o néco mens mirochondrii nef bufiky DNédé -
kové thdnd (16).

Pro viechny organismy pladstavuje schopnost skladovat
energii evolufni vyhodu. Mezi daldi bunéfné funkce, na
kteTych 52 tukowé kapénky podileji a jef se nevztahuji pfimo
k metabolismu lipidf, se fadi napiiklad uklidinia degradace
proteind a imunitni odpovéd (I7). VEechiny funkoe tukovych
kapének jsou diny jejich unikitni stTukturon (18-20).

STRUKTURA TUKOVE KAPENKY

Tukowé kapénky (obc 2} jsou fdivary kolovitSho tvaro,
kreTé mohow byt seskupeny do hrcznovirych serukor (21).
Jejich prRmér s¢ polybuje v Mz Mezi 0, 1-5 pih u netukovych
bunék, u bilych adipocyth pak mohow dosahovat velikosti »
100 pm (22,

Powrch kapének nend ohranifen konvencni biologickou
memblinou, jako je tomu u jinych organel, keeré maji
wodny obsah uwnitf membriny rwofens fosfolipidovou dwoe-
wIstvou. Tukowd kapénky jsou tvofeny ydrofobim jddrem
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Tab. 1 Piiklady wjskytu tukowjch kapének a jejich funkee v riznjch bundéngjich typech

Bun&tny typ Funkce tukové kapénky

Adipocyt (1)

Hepatocyt (2) Energeticki zisoba, udrrovani homeostazy, ukladani nadbytecnych tukd jako
Kardiomyocyt (3) ochrana protl Ipotoxicite

Myocyt kostemni svaloviny (4)

Itova bunka v Jatrech (5) Skladovani vitamind rozpustnygch v ucich (vitamin &)

Bunky 2ona rasciowaia v kife nadiedvin (6) | Skiadovani esterd cholesteralu a daisich prekurzond pro syntézu giukckortikoida
Leydigovy bunky varlat (7

Bunky theca inferna vajecnikd (73 Skladowani esterd cholesterolu pro syntézu steroldnich hormand

Bunky Buteho taliska (8)

Chondrocyt (9) Ukladani nenasycenych mastriych kyselin - energeticks zasoba

Sebocyt (10) Sekrecni, udrkovani permeabliity kozni bariéry

Epltelové bunky alveol mieéng Hazy (IT) Sekretni, tvorba midka

Vajednd bufika 2ivodichi (12) Energeticky zdro] pro embryogenezi

Makrofag (13) Rizeni ipidové signalizace, il Utoku patogend

Prieumaocyt 1. typu (143 Sekredni, tvorba surfakiantu

Enterocyt (15) Z‘s;lr'u;::::; uloeni lipidd ph absarpa z potravy, ol Gtoku patogend, napr. rotavird a

z NieutTdlnich lipidh pokrytych monomolekoelimi fosfoli-
pidovou vIStwou. Ta je twofena vice diuly fosfolipidowych
maolekul (21). Nejhojnéji je zastoupen fosfatidylcnolin (PC),
v Men&im MmnoEsev je nalézdn fosfatidyleranolamin (PE),
fosfatidylinositol (P1), lysofosfatidylcholin (hys0PC) a lysofos-
fatidyletanolamin (lysoPE). Ddlo mohow byt vwe fosfolipidove
membrdné identifikov iny amfifilni proteiny (mj. perilipiny
v tukovych bufikich a bufikdch produknjicich steroidni
hormony). Rovnéz se zde mize nachizet volny cholesterol,
ktery se pravdspodobns vyskytujo i uv it tukové kapénky (1).

K povIchu tukowd kapéhky jsou plichycony specificks
ploteiny, z nich# se mnohé dfastmi merabolismu lipidi.
VEtiina tukowych kapének mé na povIchuo 50-200 riznych

Obr. 1 Tukowé kapenky v niznych bunéénych typech:

Az Adipacyty bilého tukového variva glanduls perotis. Valks bukos
vakuola vypliuje téméd calou buku (prazdné” prostory uvniti
buriky). Jédro & ostabni on y jsou v adipocytech bilého tukowého
vaziva umistany excentricky na okraji bufky a spoletné s dzkgm
lemiemn cytoplazmy wyhvateji na béimych histologickych preparstech
twar pecetniho prstanw

B: Multilokulami adipocyty hnédé tukowve tkané obsshujicl velles
minoistvi tukovjch kapének mensich rozméril

C: Mazové fl&zy kiife s holokrinnim zpdsobem sekrece. Svétlé
sebocyty obsahujicl velé mnod=tvi manéich tukowgch kapének,
jegichz nahromadéni postupnéa vede k poruSeni cytoplazmaticke
membrany a tim padem k jejich uvolnéni spoleéné s bunédnym
obsahem - kodnim mazem (sebem].

D: Epitalové buriky kiiry nadledvin zona fasciculbta uspofadang

do podlouhbjch provarc. V burksich se nachdzi velké mnozstvi
tukowyich kapének s obsahem neutralnich lipidi, fosfolipidd a
cholasterolu, ktery sloudi alo prekurzor syntézy steroidnich
hormoni - glukokortikoidd.

E: Migcna Flaza v aktainim obdobi s apokrinnim zplsobem sekrece.
Switle galaktooyty wskytujici se v sekrecnich alveclach middné
Hazy hromadi v apkalni st cytoplaomy tukove kapénky, které se
spolatné s bankou vrstvou apikalni oytoplazmy uvoliuji do miéka.

F: Granuldza-luteinni bufiky vajecniku corpus kfeumn s pénitou
(vakuolizovanou) cytoplazmeow, jejii vzhled je podminén mnodstvim
tukowiich kapének. Podobing jako buriky kiiry nadledvin, granuldza-
luteinni buriky jsou producenty stercidnich hormond - progestaronu.
Foceno imerznim objektivem se 100ndsobnym zvdtiamim

(méfithe = 10 wm). Prepardty barveny hamatoxylnem a sozinam.

ploteind. Spektium proteind se mize lifit mezi tukowymi
kapénkami Thznych velikost Nebo Tizné lipidové kom-
pizice. SloZeni monomaolekolimi vIStvy je velmi ddleFivd
pIo Tegulaci velikosd mkowvé kapénky a pro jeji schopnost
komunikovat a iNteTagovat § 0Statmimi tukovyini kapénka-
mi nebo organelami, napf. s endoplazmatickym retikulem
a mitochondriemi (23).

Dal3 skupino piedstavuji proteiny, které se nachizeji
uvnit] kapénky. Hydrofilni proweiny plavdépodobné samy
v kapénce neexistmji, ale aMmffilng proteiny se mohow skladat
& fosfolipidy 4 vytvdfot stTuktuly koMpatibilni § Dy drofobnim
prostiedim (1). Jednd se napfiklad o proteiny ze skupiny pe-
rilipind, tj. tal-intéracting protein (TIP&) a adipofilin (ADRP),
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Fasllipicy

hyrdrofini et
(oatat rglyceral]

Eypdrciubei st
imasmi kysslny)

Obr. 2 Struktura tukowé
W monovrstvé na pwn:l'l.ljsou castedné polarmi
(amfipaticke) fosfolipidy a steroly. W hydrofobnim j2die
jsc-u usklan:heny triacylglycenoly a estery cholesterohe. Na
fukiove perlcg s0U riznd iy synitetizujici
neulrélm lipidy (napf. DGATZ) a pmlgﬁ; shupiny PATIJIdICI
ukladani a wyuziti tukd {napf. perilipin}.

u miche se pfedpoklidizapojeni i do nitrobunémého meta-
bolismu lipidd (24).

Vtukové kapénce se stfadaji nentralni tuky - tTiglyceTi-
dy a estery cholesterolu. V biljch adipocytech jsou ulof ey
plevidEné triglyceridy, ale ve vEtSiné 0statnich bunéimych
typii koexistuji trighyceridy a esteTy cholesterolu v Tiznych
pomérech. Piedpoklddd se, Zo triglyceridy a ostely chole-
sterolu jsow od sebe odddleny. EsterTy cholesterolu twofi pod
povIchem monofosfolipidovd Membliny koncentricke vist-
vy, ZALIMC0 tTiglyCeTidy jsou vicemeénd nanodns uspofddany
v Centru tukove kapéniky (25). K podobnému oddéleni miEe
dochidzet taks mezi triglyceridy, z diivodu velké rozdilnosti
teploty tani zdvislé na slozeni mastiych kyselin. Pod kryo-
elekironovy M MikToskopaInl jstu pozoloviny soustfednd
linky vzhledu slupky Cibule, 0 zfejmé odraii toto déleni
mezi lipidy (19).

EBIOGENEZE TUKOVE KAPENKY

V soufasnosti existuji dvé DlavIi Dy potézy pIoCesu tvoTby
tukovych kapének (lipogenere) (1). Podle jedné = nich venikaji
tukowé kaponky denevo, podle drehé mohoun byt odvozeny od
JiE existujicich tukovych kapének délenim. Uplfednostfiovan
je procesvzhiku 4¢ nowe. Tellto proces probind ve tfech fizich.
Nejprve dochdzi k syneéze newtrdinich lipidd, pak k jejich
dkumulaci a veniko Cofkovité formace a nakonec k samotne-
mu vzhikn tukové kapénky odikicenim z endoplazmaricksho
retikula smérem 4o cytosolu (23).

SYNTEZA NEUTRALNICH LIPIDG

Neutralni lipidy jsou SyNtetizovaly izoformami enzymi
vdzanych v Membrdné endoplazmarickéne retikula, a to
acyl-CoA:diacylglycerol-acyltransferdzami (DICATL, DCAT2)
a acyl-CoA:cholesterolkacyliransferdzami (ACATL, ACATZ).
Experimentilné bylo zjiiténo, e zatimco DGAT2 je pro FHvor
Nezbytnd, DCATL, ACATI a ACAT? miikoliv (26). Své substTdty
potkdvaji tyro enzymy piimo v endoplazmarickém retikulu.
Jeden z béEmych SubsStritl odvozeny od Mastiych kyselin
je acyl-Cod produkovany acylCoA-syneetdzou (ACSL); na-
vdzdni mastmé kyseliny na acylCoA ji aktivuje pro poufit
v Metabolickych drandch. ENzymy DCGAT vyuZivaji acyl-CoA
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a diacylgtycerol k vytvoieni triacylglycerola. Podobnié jsou
esteTy cholesterolu produkoviny kondenzaci acyl-CoA s cho-
lesterolem za katakyzy ACAT (23).

AKUMULACE LIPID0 A VINIK £0EKOVITE FORMACE
Vzniklé lipidy s akumMuluji v ladkém endoplazma-
tickém retikulu Na mistech, kterd jsow od syntetizafnich
enzymi oddélend. Po nahromadéni urfitdho mnoezstvia pie-
kroceni konkréenino pralu sev endoplazmarickam retikulu
wybwoli takové Coflky, keré se vyklenuji smérem do cyo-
plazMy. ToIMu, aby 52 tukovd kapénka vytvofila sSmérem do
lumen endoplazmatického retikula, brini protein FIT2 (7).

UVOLNENI TUKOVE KAPENKY
ODSKRCENIM Z ENDOPLAZMATICKEHO RETIKULA

Nad urirou velikost, v zdvislosti na fosfolipidovém sloge-
ni, j50u fofkovitd formace tuki v endoplazmatickém retikulu
nestabilni a mechanismemn podobym odSkrceni dochdzi
k jejich uvolnéni. Nejmensi z1alé oy tosolove tukowd kapéhky
maji prameér v Tozsatiu 250-500 nm, ale neni vylowfeno, e
rodici se kapénky mohou byt i mensi ne 100 nm.

Do vywoje veNikajicich tukovyCl kapének jsou zapojeny
i nékreré proteiny , kteld mohon stabilizovar nebo zlepSovat
poCatecni konvexni zakfivend kapének. Tutd funkci zfejmé
zastiva TIP4T ze skupilly peTilipind, kteTy je povaiowdn za
hlavid regulaini protein (28). Nicnéné rukové kapénky se
tvofi rovnéE v OIganismech, kteld peTilipily DeexplilMuji.
Proto se¢ pfedpoklidi, ie tvorba kapének maze probihat
spontannd, plifems proteiny ji mohou piuze usnadiiovat
nebo regulovat (23}

Daliimi proteiny afastnicimi se vzhiku mkovych kapé-
nek jsou napfiklad seipin (BSCLY), lipilly 4 tTANISMAMblE-
nové proteiny vyvolavajici ukladani cuko (fit storgé-inducing
transmEmbrang prot@insT a 2; FITYFITM1 2 FIT2Z/ETTMZ). Seipin je
regulirorem katabolistmu lipidd, je nezbytiy pro diferenciaci
adipocyti A pro Sprdvné uklidini lipidd. Jednd se o protein
endoplazmatickéno retikula, jenoz nedostarek dramaticky
sTmizuje pofet a welikost tukowych kapének (23). PTi absenci
seipimu je formovind tukovych kapének zpofdéné. Dochdzi
k akumulari nentrilnich lipida v endoplazmatickém retiku-
lu, &ime se mohou dostat na nevhodnd misea, napf. do jadra.
Mutace seipiliu vadou k NEKtETY N lipodyStTofim.

Lipidy jsouwv savCich bufikach ex primovany v péti izofor-
mach. Jsou numé k zabranéni velké akumulace newtrdlnich
lipidii v endoplazmatickém retikalu (28). FITL je primimé
expliMovan v k0SteInim svalstvu 2 FIT2 v mkové thkini. Tyto
proteiny nesyneetizuji triglyceridy, ale nejspis je rozdéluji do
vemikajicich tukovych kapének (29).

ROST TUKOVE KAPENKY

Tukowé kapénky jsou heterogenni a dynamické strukoe-
Iy, kteTé jsou schopné ménit swij pofet a velikost v zdvislosti
na porfebdch bufiky. Proto je jejich velikost v Marurovanych
bufikich riznd azdvisi Na koNkrétmim bunéfném type aNa
metabolickych podminkach uvnitf bufiky. NejvEts tokové
kapénky nachazime v adipocy tach bilé tukows tkand, jejichi
velké unilokoldmi tukové kapénky pledstavoji efoktivii ulo-
Feni energie. TvoTbu unilokuldrnich kapének podporuji pro-
teiNy Skupify CIDE (el dath-induring DFFES-1ike effector). Clony
téco skupiny proteind jsou u sawch CIDEA, CIDER a CIDEC
(FspZ7). Jsou lokalizovand piedeviim na kontaktnich miscech
mezi kapénkami, kde vsnadiuji pfenos lipidd z mensicn



kapének na vécii. Jejich nedostarek tvolbé unilokulirmich
kapének brini, Nacpak NadmAamad exprese indukuje vziiik
wEtSich tukovyCh kapnek v MenSim mnoEsted (30).

Volké tukows kapénky vzNikaji dwima mechanismy, bud
ristem, nebovzdjemny m spojovAnim (fizi) malych tukovich
kapének ve vetsi.

Rist tukovich kapének plobihd plidivanimn neutralnich
lipid do hydrofobniho centra a polirnich lipidh (fosfolipidd
a starohi) na jejich periferii (31}

Vzdjemnd fize je zivisli na mikrotubulech 3 moleko-
limich motworech, jako jsou dynein a kinesin. Podileji se na
ni proteiny SNARE (receproTy SNAP), dile SNAF?3 (synapto-
somal-assedated protein), Syntaein-5 2 VAM P4 (vesicde-assodated
membrang protein 4). Mutaci geni pIo tyto ploteilly e snifuje
rychlost filze avelikost tukovych kapének (37). Fize mife byr
také podpofena ztTitou CTP: fosfoCNolin-Cy tidy y tTansfordzy,
kterd je dflefitd pro syntézu fosfatidylcNoliu. DOStuplost
fosfatidylcnolinu by tak mMonla byt dalfim kritickym regu-
lafnim faktoTern sty tokovycl kapének (33).

Bez ohledu Na Mechanismus vzhiku je pfi rhstu tulovich
kapének jejich povrch a objem proporcionalng koordinovdn
(22).

ROZPAD A ZANIK TUKOVE KAPENKY

V kontrastu k procesu rhst tukowych kapének byl v adi-
pocytech po 5ilné lipolyticks stimulaci pleolovin proces
jejich Seépeni, kteTy je charakteristicky fragmentaci mkowvé
kapénky na velké mnoEstyi makych dispergovamych kapanek.
ZwvySeni pocru - A tak taks zvérieni povichu - kapének je
niezbyté pro umoEnédni piistupu lipizy k jidro evelenému
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Obr. 3 Zivotni tukove kapénky.
Ma obrdzku jsou ondrornény tyto diledité udalost
v Zivotnim cyklu tukowych kapének:

A: Biogeneze tukowé kapénky. Na mamibréné endoplazmatického

retikula dochdzi k syntére neutralnich lipidl, ukova kapénka pudl

a odikrouje se smérem do cytosolu bunky

B: Rist tukové kapénky pridavanim neutralinich lipidd do

hydrofobniho j@dra a vedjemnou fizi rizné vellojch kapénel

Ukl2dani v tukowd thani

C: Rozpad a zanik tukowé kapénky. Tukovd kapénka ze po

lipolytické stimulad £bépi na mnoZstel di ych kapdnak.
ast tachio kapénak je wuiita pro mefabolismus, dalsi se vraceji

do procesu torby nowgch tukowych kapének. Degradace tukowjch

kapének probiha také autofagii (ipofagin. U savol vaoniks

autofagosom tak, e je tukova kapénka nejorve obalena dwojitou

mambranou & pak pohlcena lyzosomem {makrolipofigie),

u kwasinek je tukova kapénka pohlcena rovwnow {mikrolipofagis).
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triacylglyceroly. Lipidy uwolnéné pfi comto procesu mohou
byt bulikou vyuZity pIo Metabolismus, ale i k twoIbé novycn
tukovycll kapének (31).

Vyuziti Neutrdinicn lipidd z kapének se také afastni
hormondlné fizemy aueofAENi proces Nazvany lipofigie. PIi
lipofigii obali tukovou kapéniko dvojitd membrana, vytwoli
5¢ aut0fagosom, ktery piedchdzi fizi 5 lyzosomem (mak-
roauntofigio piitomné u sawch) nebo je kapénka pohlcena
yz0s0mem Iownou {Mikloautofigie plitomné u kvasinek)
(28). Degradace mkowych kapének autofigii hraje zisadni roli
pii mobilizaci volmych mastiych kyselin pro metabolismns,
udrzovani lipidowé homeostizy v tukovych kapénkich, ale
také pii adaptaci bufiky na lipidovoun nerovnovdhu pfi hla-
dovénd (34). Zivowmni cyklus tukové kapénky je schemaricky
zNdz0TNan Na obr. 3 (28).

SKUPINA PROTEINU PAT

V ukldddni a vwufitl tukd v tukowvich kapénkdch hraji
kritickou Toli pfoteily PAT umistdné na povichu tukowd
kapénky. U savch jsom to pelilipin (PLIN1), adipofilin (ADRP -
i pose differentiction- rd ated protein; PLINZ) 2 TIPF (tail-intfracting
protein; PLIN3), dalfimi Cleny jsou pak S3-12 (PLING) a OXPAT
[PLINS). Lii se 0d sebe velikost], tkdfiowou explesi, afifitou
k tukowym kapénkdm, stabiliton a tTanskripni tegulaci.
Tyto Tiedily zphsobuoji, £2 kazdy = proteind PAT mi odliiné
bunéiné funkce, ale viechny pravdépodobné raguluji rozhra-
ni mezi wkivymi kapénkami a bundfmy m prostfedim, fidi
plistup lipdz k lipiddm uvnit jddra a rovnés se mohom Giase-
nit tunéfnych procesi dilefirpch pro biogenezi kapének.

Jako prvii byl objeven pefilipin v laborarofi Constantinea
Londose v Toce 1990 (35). Jeno objev poukdzal Na existenci
regulafnich MecNanisma pro kontTolu skladowani tuko.
Perilipin se u savcid vyskytujeve tfech izoformadch (perilipin
A, B aC). JoexpliMovidn v adipoCytechl a Steroidogenmicn
bulikich a je aviim regulafnim faktorem lipohzy v bilycn
adipoCytech . Perilipin mide pfistup lipaz (enzymdb by droly-
zujicich triacylglyceroly) k tukovyn kapénkam bud omezo-
vat, Nebo Naopak jejich enzymatickon aktivitu za vhodmych
metabolickych podminek nsnadfiovat. Je markerem adipocy-
tové difeTenciace, a proto sevyufivid k identifikaci regulitord
adipogeneze. Explese perilipinu je plim4mé regulovana pe-
[ iSOMovyMi proliferdtoly aktivovamy i [eceptoly gamima
[PPARY). Genetické variacev genu pro perilipin byly spojeny
5 metabolickymi onemocnénimi, vEerné diaberu mellitu 2.
typu a ohezity.

ADRP a TIPF jsou nachdzeny veviech rypech tunék, 53
12 je takd jako porilipin oMmezen Nlavnd na adipocyty a OXPAT
je explimovin zejména v organech, kde probihd aktivii
oxidace mastiych kyselin, jako jsou jatra, svaly a hnéda
tukovd thaf (35).

POHYBLIVOST TUKOVYCH KAPENEK
A JEJICH INTERAKCE S JINYMI ORGANELAMI
Tokiové kapénky json pohiyblivé stfukiuly. Pohyb je dfle-
Zity pro regulaci jejich intraceluldtni distribuce a interakei
5 jimymi organelami. Vykazuoji dva typy pollybo. Prvnim je
ndhodny pohyb na krdtks vzddlenost, drehym pohyb na del-
i1 vzddlenosti, obwykle podél mikrotubuli. Tenee druly typ
pohybu podporuje st a odbourdvdni kapének a umoifioje
pienocs ¥ivin z mist syneézy Na mista jejich potfeby. Protein
LSD32 (lipid storage dropler Z), kteIy je honologemn proteine PAT,
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reguluje obousmémeé pohyby tukovych kapének koordinaci
opafné polarnich motorickych proteind (dyneinu a kinesi-
nu). Dynein cbstarava pohyb podél vliken mikrotobuld
ke konci minos a kinesin ke konc plus mikrorobuli (1).
Experimentalné navozeni nadméma exprese nebo naopak
nedostatek LSD2 vedla ke vzniku bud obézni, nebo podvy-
Zivené mouchy octomilky, coZ ukazuje, Ze L5D2 je dilezity
pro normalni skladovani lipid@ Je modné, e aktivni pohyb
podél mikrotubulh zvysuje pravdépodobnost vzajemné fize
a tim podporuje tvorbuvétsich tukovych kapének, které jsou
mnohem rezistentngéjsi vifi lipoljze nef kapénky menii (12).

Tukowvé kapénky nejsou v busice na drahy vezikulamiho
ransportu piimo napojené, aviak pro spravne plnéni jejich
funkce jsou interakee = jinymi bunéfnymi organelami dii-
lefité_ Interakce mifeme rozdélic na heterotypické, kdy se
jedna o interakce tukevych kapének s endoplazmatickym
retiknlem , mitochondriemi, peroxizomy a endosomy, a na
homotypické, cof jsou interakce pouze mezi tokovymi ka-
pénkamni_

Pri vzajemné interakci tukovych kapének byla zjisténa
role proteinm FspZ7 (fist-sperific protein Z7; CIDEC) lokalizované-
ho na membrané v kontaktnich mistech. FspZ interaguje
sadipocytimmi triglyceridovou lipdzou (ATCL) a reguluje tak
bazalni a stimulovanou lipokjzu. Zprostredkovava tvorbu vel-
kjch unilokulirnich tukovych kapének piitommych v adipa-
cytech obratlovcll. Jestlize chybi, adipocyty akumuluji menii
mulrilokmlirni mkové kapénky, které maji relativné zvétieny
povrch, a tim k nému majilipazy snadnéjsi piistup. Toviak
miife omezovat skladovani lipidia v tukové tkiani a misto
toho se mohou lipidy akumulovat v jinjch orginech (napf.
v jatrech) a vyvolivat inFulinovou rezistenci (38).

5 endoplazmatickym retikulem souviseji tukové kapénky
uZ z toho ditvodu, Ze je mistem jejich veniku a slowzi také
jako prostfednik pro depravu intracelulamich lipidf. Na
kontaktnim mist® tukové kapénky a endoplazmatického
retikula je lokalizovan integralni membrinovy protein sei-
pin, fidici tfidéni neutralnich lipidh, fosfolipidi a nékterjch
proteinfl na rukové kapénce, aby se timzajistila jeji identita
azrani (F).

Tukové kapénky se také nachazeji v tésné blizkosti mi-
tochondrii a peroxisom. V téchto organelach dochazi k be-
ta-oxidaci (v mitochondriich u #ivefichil, v peroxisomech
u kvasinek a rostlin}, tj. konverzi mastnych kyselin na
aretyl-CoA_ Mezi tukovymi kapénkami a mitochondriemni
nebo peroxisomy proto musi byt zajisténa koordinace mezi
doddvanim mastmych kyzelin a lpolyzon. Fyzicky kontakt
mezi mitochondrii a mkovouw kapénkou zprostfedkovavi
COXPAT (PLINS) pomoci C-termindlni oblasti.

Degradace tukovych kapének probiha lipofigii - vzajem-
nou interakcl kapének s lyzosomy. Zvyiena lipofigie vede
k vylufovani tukovych kapének, co miEe zabranit patolo-
gickym stavlim, jako je napi. steatdza jater (37).

Kromé vyie uvedenych informaci maji tukové kapénky
prechodny kontakt s fagosomy. Toto setkini slouEi v ne-
utrofilech k dodini kyseliny arachidonové, kterd je prekur-
zorem eikosanoidf slouficich pro aktivaci NADPH oxidazy
fagosomd (1).

FUNKCE TUKOVYCH KAPENEK

Hlavni funkei tukovich kapének je skladowini lipidi,
atov adipocytech i v neadipocytovych bufikach. Skladované
lipidy slouzi hlavné jako energeticka zasoba a jsou mobili-
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zovany pro beta-oxidaci, biogenezi membran, posttrans-
lafni modifikaci proteinii, syntézu lipoproteinii, steroidi,
signilnich lipidd, jinych lipidovych mediitord. Slouzi jako
rezervodr rizmych proteindl, véetns transkripfnich fakrori
a komponent chromatinu a také se v nich uklidaji vitaminy
rozpustné v tucich (5).

Klitovymi enzymy zapojenymiv intracelulami degradaci
triacylglyceroli v adipocytech iv neadipocytarnich bufikich
jsou adipocytammnd triglyceridova lipdza (ATGL) a hormon-
-senzitivnd lipaza (HSL) (38).

Lipidové kapénky rovnéi chrani buriku pfed toxickym
ufinkem volnych mastmych kyselin. Ty mohou chrozit inte-
gTitu membrany, ale esterifikaci do neutralnich triglyceridl
sa stavaji stabilnimi a neskodnymi. (13).

Eromé béfmych funkci souvisejicich se skladovanim lipi-
di nebe jejich metabolismem jsou tukové kapénky zapojeny
rovné: do daliich dfilefitjch procesfi v bufice, i takowych,
které se pfime k lipidovému metabolismn nevztahnjia jsou
£asto spojenéd s patologickymi stavy (39). Tukové kapénky
jsou diilefité pro replikaci a Zivotni oyklus virl a jimych
intraceluldmmich patogent (40). Mezi patogeny vyuEivajici
tukové kapénky pro svoji proliferaci a pfeziti patfi napfiklad
Chlamydiatrachomatis a vims heparitidy C (HCV) (1).

Vyznamné pro vznik metabolickych onemomeéni je
rovné uskladnéni perzistentnich organickych polutantd
v tukovych kapénkach adipocytil. Jedna se o latky jako po-
Iychlorované pesticidy, bifenyly, dioxiny a dibenzofuramy,
bromované zpomalovate hofeni a dalii. Json to latky lipo-
filni, bisakumulativni, do lidského téla se dostavaji hlavné
ZivofiSnou tuénou potravou. Radime je mezi tzv. endokrinni
distuptory, protofe poikozuji embryonilni vyvoj a repro-
dukéni schopnosti a podileji se na vzniku obezity a jejich
komorbidit, zefména rozveji diabetn mellite 2. typu (41).

Jeznamo, e ukové kapénky hraji dilefitou roli i v imu-
nitnim systému. Jsow mistermn syntézy eikosanoidd, signal-
nich lipidii ovliviinjicich napfiklad zanét, bolest a kontrakce
hladké svaloviny. Pro jejich syntézu je prekurzorem kyselina
arachidonova (47}

PATOLOGICKE STAVY
SPOJENE S TUKOVYMI KAPENKAMI

S nedostatkem nebo naopak nadbytkem tukovych ka-
pének v bufice je spojeno Siroké spektrum onemocnéni (tab.
2). Pochopeni mechanismi, jef se v kapénkach odehravaji,
mife osvétlit fadu patologickych stavl a poskytnout piile-
Zitost k jejich 162 (43).

LIPODYSTROFIE

Lipodystrofie jsou poruchy charakterizované ztratou tu-
kové tkané. Bud miiZe jit o klinické projevy celkoveé, vrozens
generalizované lipodystrofie, nebo £dstefné, familiirni par-
cidlni lipodystrofie. Protoze je porufena schopnost uchovavat
triglyceridy v tokové tkani, jsou lipidy skladovany v jinych
tkanich, cof vede k lipotoxicité azavainym zménam metabo-
lismu 5 nimi jsou bé&Ené spojovany peruchy jako inzulinova
rezistence, jaterni steatdza, hypertenze a dalii metabolicks
dysfunkce. Nedostatek bilé tukowé tkiné vede k deficitu
leptinn (adipokinu zajiffnjiciho energetickon homeostizn)
a kinzulinové rezistenci. Mnoho zavaZnych lipody strofii lze
korigovat podavanim leptino.

Lipodystrofie jsou zpisobens defekty fady geni, z nichz
mnohé fidi syntézu triglyceridl nebo uklidani proteini



Tab. 2 Patologicke stavy asociované s dysfunkel tukowych kaps

Pritomnost a role tukové kapénky
Medostatek bilé tukove tkéné zplsobeny genetickym defektemn, akumulace lipidd v jingch

Lipodystrofie (43)
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tkainich
Kachexle (43) Zirdta tukowe thané pii nadorovém onemoméni zwjEenou lipohyzou
Chanarindv-Dorfmaniy syndrom
(ichtysza) a myopatie (43) Genetickd porucha, deficit degradace triacylghycercld, skumulace tubad v jingch tkdnich
Obezita, metabolicky syndrom Prekrofeni kapacity tukowé thing, nadmérné zmnadeni tukowjch kapének, hypertrofie
a diabetes (43) adipooyhl, porucha hormonalnd funkce tukove tkané, akumulace tuku i v jimjch thdnich
Steatoza |aber (43) Alumulace tukovych kapének v hepatooytech (obr. 44)

Kardlovaskularni onemocndnl (43) chetesterolu (obe. 4E)

Prekroceni kapacity tukowjch kapének pénowych bunék (makrofagil) stiddajicich estery

onemocnénl nervového systemu

Hromadéni tukowvych kapének v gliich pfi neurodegeneraci, mutace gend Géastnicich se

(13, 44, 45) biologickych procesi v tukowych kapénkdch
MNadorova onemocneni (45, 46) Zwtend mnodst tukowich kapenek u bunék agresivnéjgich nadorl
Enterocyt (15) Prechodné uloZeni lipidl pfi absorpci z potravy, ol Gtoku patogenil, napf. rotavinl a enterovird

Ober. 4 Histologicky obraz thani u patologickych stawvl
spojenych s tukovymi kapénkami:

A: Jatra prasate domadciho s obrazem jaterni stestdry

s nahromadénim tukowich kapénsk v oytoplazmé hepatooytd.

B: Preparat karotidy mysi s atercsklerctickym platem stadia

Il histologicks klasifikace. WV subendotelows wrstvé vaziva sa

nachazeji valké pénove afiky - mnohojaderné makrofagy

= nahromadénim tukovych kapénak (Sipka).

a jsou zapojeny v tvorbé a regulaci makovych kapének.
Pfedeviim se jedna o l-acylglycerol-3-fosfat-O-acyltransfe-
razu ? (AGPATZ), lipin 1 (LPIN]; zpliscbuje lipodystrofii pouze
v mysich modelech), dile seipin (BSCL?). Seipin je vestavé
ny do membriny endoplazmarického retikula a inhibuje
diferenciaci adipocyth a potlatuje expresi PPAR-y. K lipo-
dystrofiim vede také nedostarek membrinového proteinu
kaveolinn 1 {CAV1). Bylo pozorovana, Ze éastefné lipodystrofie
jsou rovnéE zphszobeny mutacerni dvou proteind v tukowé
kapénce - perilipinu 1 {PLIN) a CIDEC, ktery hraje vyznamnou
roli v apoptize. Mutace CIDEC brini tvorbé uniloknlarnich
tukovych kapének v adipocytech (43).

KACHEXIE

Kachexie je komplexni metabolicky syndrom Zasty ze-
jména u pacientl s gastrointestinalnimi, prostatickymi
a plicnimi karcinomy. Metabolismus lipidh se u nich zisadné
méni, coi vede k dramatickému snEeni jejich télesné hmot-
nosti zpisobenému ztratou tukové thiné a poté i k atrofii
kosterniho svalstva.

Klifovym faktoremn pfi kachexii je zvyZeni lipolyza,
kierd jezprostiedkovana ATGL (adipocy tarni triglyceridovou
lipazou), nikoliv H5L (hormon-senzitivni lipazon), jak se
diifve piedpokladalo. Myii s nefungujici ATGL jsou chranény
pfed ztritou tukové tkiné (ne viak ped ztraton kosterniho
svalstva) a po indukri kachexie nemajizviZenou lipolyzu na-

vzdory vysokym hladinim faktor mobilizujicich lipidy, jako
jsou zink-alfa-2-glykoprotein 1 (AZGP1), tumor nekrotizujici
faktor a (TNF-ar) nebo interleukin 1 (IL-1). Zindtlivé a lipoly-
tické mediitory, jei aktivuji ATGL potenciilné vylufované
nadorem, tedy mohou v kachexii zplsobit nekontrolovanou
ziratn tukové tkang (43).

CHANARINUV-DORFMANUY SYNDROM
(ICHTYOZA) A MYOPATIE

Tato cnemocnéni tvoli heterogenni skupino autosomal-
né recesivné dédifnych pomuch charakterizovanych defici-
tem degradace triglyceridd a jejich nislednou akumulaci
v mnoha tkanich a organech, jako jsou kitie, jatra, svaly,
stievo, ofia uii.

Chanariniv-Dorfmaniv syndrom (ichtydza) je zphsoben
mutacemi genu CGF58. Pii tomto postiZeni je naruiena oxi-
dace mastnych kyselin s dlouhym fetézcem. Vysledkem je
podkozeni propustnost kiide

Mutace ATCL zpilisobuji abnormalni skladovani neat-
ralnich lipidf, provazené nékterymi zavafnymi typy kar-
diomyopatii. Vyzkumy naznafuji, ze pri l&bé by mohlo
byt ufiteéné ponfid agonisth PPAR-a, ktefi dokifou zvratit
mitochondriilni dysfunkci a akumulaci lipidia v srdci a ob-
novit tak jeho funkei (43).

OBEZITA, METABOLICKY SYNDROM A DIABETES

Obezita se stala vzhledem k sedavému Zivotnimu stylu
a nerdravym stravov acim navy kiim celoswétovy m z dravotnim
problémem. Jedna se o obtiZng 1é€itelné onemocnéni, proto
se intenzivné zkoumaji moZnosti medikamentdz ni 1écby, pii
ni se vyuziva hlavné tlumeni chuori k jidhu, blokada vstie
bévini tuku v trivicim trakm, ovlivnéni hormond travicdhe
traktu (inkretinfl) a nové blokada zpétné absorpee glukozy
v ledvinich ().

Obezita miie vést k metabolickému syndromu, coi
zvyiuje rizikovzniku diabetu 2. typu, steatohepatitidy a kar-
diovaskulirniho onemocnéni.

Hy pertrofované adipocyty nevylufuji dostatek adipokind
k udrfeni citlivosti na inzulin. Zvyiuje se mnozstvi zanétli-
vich cytoking, napfiklad MCP-1, TNE-a, 1-6. Tukovi tkifi
je infiloovina aktivujicimi se makrofagy. TNFa sniZoje
hladiny bunéfného perilipinu, cof vede ke zvyieni bazilni
lipolyzy a hladiny volnych mastnych kyselin v krvi. Tyto
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efekty TNF-a vyvolavajici inzulinovou rezistenci mohou byt
antagonizovany antidiabetiky typu thiazolidindiond.

Za normalnich pedminek skladoje tukova than mastne
kyseliny ve formé neutralnich triglyceridd. PH metabolickém
syndromu je viak rezervodrovd funkini kapacita mkové
tkané piekrofena a volné masmé kyseliny se pak hromadi
v kosternim svalstva, srdei £ jatrech. Plsobi zde lipotoxicky
a spolupodileji se na rozvoji metabolického syndromn s in-
zulinovou rezistenci

Ma bunéfné trovni zde dochizi pfi akamulaci triglyce-
ridfi k nadmémémn rmnozeni tukovych kapének. V adi-
pocytech pak jde o zvétieni tukowé kapénky s nasledkem
celkového zvétSeni bufiky. Parologii nadmérného ukladani
triglyceridfh mohou ov livnit proteiny asociované s tokovymi
kapénkami. Pro unilokulami tokové kapénky jsou klicové
proteimy FSPIF/CIDEC a perilipin L

FSPXCIDEC ovlivAuje vyvoj metabolického syndromu
regulaci uklidini triglyceridii v adipocytech a jeho poly-
morfismy ovliviioji riziko obezity. Exprese perilipinu 1,
lokalizovaného rovnéz na povrchu tukovych kapének, je di-
lefirym faktorem asociovanym s obeziton. Chrand kapénkn
pred bazalni lipolyzou, ale kdyz dojde ke stimuladi Yipolyzy,
reguluje pristup lipaz ke kapénce. Vysoké hladiny exprese
téchto proteinfl podporuji skladovini triglyceridd v rukové
tkiani, chrani pied lipotoxiciton a inzulinovoun rezistend (43).

STEATOZA JATER

Metabolicky syndrom je Casto doprovazen jaterni stea-
tézou, tj. akumulari tukovych kapének s triglyceridy v he-
patocytech. V jatrech postizenych steatdzou hepatocyty
exprimuji perilipin 1, ktery se normilné vyskytoje pouze
v tukove tkini. Se zwyienym rizikem vyvoje jaterni steatozy
jsou spojeny i polymorfismy a genetické variace dalsich
geniil, mapt. PNPLA (adiponutrinu), jaterni lipiza (LIPC/
HTGL) a lysofosfolipaza 1{LYPLALL) a enzymy DCATZ zapo-
jené v syntéze triglyceridi.

Riziko steatdzy jater se také silnézvyiuje po infekci virem
hepatitidy C, ktera vyvolivad metabolické zmény v infikova-
mych hepatocytech. Mechanismus Sifeni virovich £astic je
zavisly na DCAT] a mkovich kapénkich Vir HCV inhibuje
lipolyzu, tim tukové kapénky stabilizuje, a tak miZe indu-
kovat vznik steatdzy (43).

KARDIOVASKULARNI OMEMOCNENI

Casron pfifinou dmr v primyslovich zemich je atero-
skleriza. PIi ni se v cévach ukladaji estery cholestercla, cof
miliZe vést k infarktu myokardu, cévni mozkové pfihodé nebo
nahlé srdefni smrti. Estery cholesterolu jsou v cévach ulafe-
ny hlavné v tukovych kapénkach pénowych bunék (makrofagy
stfadajici lipidy ). Hromadénd esteri cholesterolo makrofagy
ma funkci ochrannon, protoze volny cholesterol je pro bufiky
toxicky a prozanétlivy. Toto skladovani esterii cholesterolu
v tukoviych kapénkich podporuji nékteré jejich proteiny,
napi. ADRP, CIDEE a CIDEC. Prekrodeni kapacity akumulace
cholestercla nad odstratiujicimi mechanismy vede k tvorbé
plirn, erozi, prasknori plitu a nisledné trombize (43).

ONEMOCHENI NERVOVEHO SYSTEMU

Ve zdravych neuronech a gliich se vyskytuji mkové ka-
pénky velmi mailo nebo viibec. K hromadéni tukovych ka-
pének v gliich vEak dochizi pii zvySeni hladiny reaktivnich
kyslikowych radikalh, které je zplsobeno mitochondrialni
dysfunkci v neuronech . Protofe metabolismus lipidi vzhle-

CASOPIS LEKARD CESKYOH 2002 BT, 2.5

den ke svym membranovym a signialnim funkcim hraje
v nervovém systému klifovon roli, byla jiZ nalezena fada
diikaz{i o spojitosti tukovych kapének s neurcdegeneraci.

Tukové kapénky byly detekoviny v axonech neun-
rondl, v knltivovanych neuronech a v &astech mozkn pfi
Huntingtonové chorobé. Jeji pfifinou je mutace v genu HTT
pro protein huntingtin. Tato choroba se projevuje mimovol-
nimi pohyby, depresemi, psychézou, paransion a demenci.

Byla objevena také souvislost mezi a-synukleinem a tu-
kovymi kapénkami. Synuklein je protein, jehof dysfunkce
nebo naopak nadmérma exprese mitze zplisobit Parkinsonovn
chorobu. Laboratorné bylo prokaziane, Ze se vaze na lipidové
kapithy. .

Dédifné spastické paraplegie json poruchy charakte-
rizované degeneraci axonl motorickych nervi, slabosti
dolnich konfetin a spasticiton. Mnoho gentl, které se tohoto
onemocnéni Nfastni, ma dstfedni roli v biologii tukovich
kapének, napf. atlastin, REEM, seipin, spartin, spastin
a kinesinl {13).

Sonfisti této skupiny genetickych poruch je i Troyeriv
syndrom , ktery zplisobuje degenerari a odumirdni svalovich
bunék a motorickych newrondl. Je zphsoben mutaci genu
SPCI0, ktery kiduje spartin, multifunk&ni protein tukove
kapénky, ktery je esencidlni pro fivotaschopnost nearont
(44). Spartin se viZe na TIP4 a spolu konkurnji ADEP ve
spojeni = tukovou kapénkou. Pokles nebo nadmérna exprese
spartinu vede ke zvyieni poftu a velikosti tukovych kapének.
Mutovany spartin nemfiZe ADRP konkurovat a zplscbuje
onemocnéni Troyerovym syndromem (1).

NADOROVA ONEMOCNENI

Bylo zjisténo, Ze pofet lipidovych kapének ve zdra-
vych bunkach prsu je asi polovicni nez u nadorovych bunék
prsu, a dokonce aZ &« niE# nef u agresiviich malignich
bunék prsu. Zvyiené mneswi lipidovych kapének tedy
koreluje se zviSenou agresivitou nadoru a miife byt spojeno
se zvyenon rychlosti syntézy lipidd v nadorovich tkinich.
Tento zvyieny metabolismus tansformovamych bunék po-
skytuje vétSinu lipidd potfebnych pro rychlon proliferaci
naderovich bunék (46).

Kolorektilni karcinom je ve svété tetim nejbéingjiim
dmhem nador o muEi a drubym wfen. Pledpoklidi se, fo
za recidive rakoviny po terapii jsou zodpovédné rakovinne
kmenové buniky (CSC). Proto je dilefita identifikace jejich
specifickych marker Ramanovou spektroskopii bylo jasné
odhaleno, Ze vyraznoo znamkou bunék CSC pii rakoving
tlustého stfeva je vysokd hladina tukovych kapének. Tento
poznatek je diileFity pro dalsi terapeutické postopy (45).

ZAVER

Tukové kapénky jsou bunétné organely, které hraji za-
sadni roliv uskladfiovini energie ve formé zdsobnich lipidh.
Chrini pfitom intracelulimi prostfedi bunky pred lipoto-
xickym afinkem volmych mastmych kyselin. Podileji se na
kontrolované lipolyze, ve specifickych butikich i syntéze
steroidnich hormond a dalsich derivanh lipidi.

WV poslednich letech bylo popsino mnoho novych bil-
kovin, pfitomnych af uZ na povrcho & uvnitf organely,
které se podileji napf. na jeji velikosti, aktivnim pohybu,
modulaci hazilni £ aktivované lipolyzy, kontaktu s dalfimi
bunéfnymi organelami, jako je endoplazmatické retikulum
&i mitochondrie.



Adipocyty bilé tukové thiné jsou bufikami, kde uniloku-
larni tukové kapénky jsou rezervodrem energie nikoli pouze
provlastni intracelularni potfebu, ale poskytuji i energetic-
kou rezervi a zaroverl ochranu pfed lipotoxiciton ostatnim
tkanim. Poikozend jejich funkei & prekrofeni jejich adap-
tafnich limitd je spojeno s fadou zavaimych onemocnéni
projevujicich se na strans jedné jako lipodystrofie, na strané
druhé jakeo obezita s rozvojemn inzulinoy & rezistence a kardio-
metabolickych onemocnéni. Dysfunkce tukové kapénky je
oviem v posledni dobé spojovana i s neursdegenerativnimi
a nidorovymi onemocnénimi.

Dalii vizkum zikladnich biologickych vlasmosti toko-
vych kapének a jejich vztahn k jinym organelam by proto
mohl poskytmout i nové molekulimi cile pro terapentickou
intervenci.
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Seznam zkratek

ACAT1 acyCoA:cholesterol acyltransferiza 1

ACAT2 acyHCoA:cholesterol acyltransferiza 2

ACSL acyl-CoA syntetiza

acyl-Coa acetylkoemzym A

ADRP perilipin 2 (PLINZ), adipofilin (adpose dfferati-
ation-related protein), Elen skupiny proteimi PAT

AGCPAT2 l-acylglycerol-3-fosfat-O-acyltransferaza 2

ATGCL adipocytarnd triglyceridova lipaza

AZCP1 zink-alfa-2-glykoprotein 1

BSCL2 seipin {Berardinelli-Seip congenital lipodystrophy)

cavl kaveolin 1 {membranovy protein)

CIDE skupina proteinf podporujicich bunéinoun

smrt a fragmentaci DNA v savfich bufikich
(el death-inducing DERSS- ke effectar)
CIDEA, CIDEB, CIDEC (Espl?)

proteiny ze skupiny CIDE

CSC rakovinné kmenové bufiky

DGCATI acyCoA: diacylglycerol acyltransferiza 1

D:CATZ acyCoA: diacylglycerol acyltransferiza 2

FITUFTIM]1  transmembranovy protein vyvolivajidukladand
tuku (fat storage-inducing transmemheane protin 1)

FITYFITM2  transmembranovy proteinwyvolivajid ukladand
tuku (fat storage-inducing transmembrane protgin 2)

Esp2? faat-specific protein I (CIDEC)

HCWV virus hepatitidy C

HSL hormon-senzitivni lipiza

IL-1, II-&6 interlenkin 1, interleukin &

LIPC (HTGL) jaternilipdza

LPINL lipin 1

LSD2 proteinlipid storage droplet 2

LYPLALL lysofosfolipdza 1

lysoPC tysofosfatidylcholin

lysoPE lysofosfatidylethanolamin

MCP1 macrophage cxtionic peptide T
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OXPAT perilipin 5 (PLINS), €len skupiny proteinii PAT

PC fosfatidylcholin

PE fosfatidylethanolamin

PIL fosfatidylinositol

PLIN1 perilipin 1, Elen skupiny proteinf PAT

PNPLA adiponutrin (patatin-lke phospholipase dom ain-
~containing protein)

PPAR-Y gamma receptory aktivované peroxisomovy-
mi proliferitory

REEP1 (SPG31) receptor accessory protein A

53-12 perilipin 4 (PLING)  &len skupiny proteind PAT

SNAP23 synuptosamal-associsted protein

SMARE skupina proteind (small ILFY NF9(-awociated RNA E)

SPG20 gen kodujici spartin, spestic peragegia 10

TIP47 perilipin 3{PLIN3)}, tail-interacting protein, Elen
skupiny PAT proteiny

TNF-t tumor nekrotizojici faktor alfa

VAMPS vesicle-nssodated membrane protain4
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