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SEZNAM ZKRATEK:

e AMPK - 5'AMP aktivovana proteinkindza

e ATGL - adipose triglyceride lipase
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SHRNUTI

Obezita je celosvétoveé nejrozsirenéj$i metabolické onemocnéni a jeji trvaly vzestup je
alarmujici. Zavaznost obezity spoCivd vtom, Ze je spojena s vyraznym zvySenim rizika
metabolickych chorob jako je diabetes mellitus (DM) 2. typu, hyperlipidémie, kardiovaskuldrni a
nékterd naddorovad onemocnéni. Obezita se tak podili vyznamné na zvySovani ndkladt celého
zdravotnického systému. Zasadni pro snizeni této zéatéze je prevence vzniku vySe zminénych
chorob. Tato spoc¢iva jednak v prevenci obezity samotné, jednak v poznani a nasledném ovlivnéni
mechanismi vzniku metabolickych poruch s obezitou spojenych. Podkladem vzniku téchto poruch
jsou zmény v kli¢ovych metabolickych organech: tukové tkéni, jatrech, kosternim svalu a slinivce
bfiSni. Pfedkladand prace se soustfedila na obezitou vyvolané poruchy tukové tkané na urovni
metabolické, endokrinni a imunitni, jednotné prezentované jako dysfunkcni tukova tkan. Pozornost
byla specificky vénovana Skodlivému U€inku zvySenych hladin zékladnich makronutrientt
(sacharidti a lipidli) a na strané druhé ptfiznivému pilisobeni nizkokalorické diety na molekularni
charakteristiky tukové tkané. Ziskané poznatky osvétluji mechanismy pusobeni vyzivovych podnéti
na dysfunkci tukové tkané na molekularni a bunééné trovni a poskytuji tak dilezity podklad
k prevenci obezity a s ni spojenych metabolickych poruch. Spojitost mezi rizikovymi faktory
vyzivy a etiologii vzniku dysfunkcni tukové tkané€ tak poskytuje védecky podlozena fakta nezbytna
k upravé vyzivovych doporuceni. Tento piistup bychom mohli nazvat ,,Molekularni preventivni
lékarstvi®.

Predkladana dizertacni prace je zpracovana formou souboru publikaci zabyvajich se ufinkem
intervenci vedoucich k elevaci cirkulujicich hladin nutrientt — hyperlipidémie, hyperglykémie na
stran¢ jedné a kalorickou restrikci na strané druhé - na charakteristiky podkozni tukové tkané.
Zahrnuto je celkem 6 publikaci, které vznikly na Ustavu pro studium obezity a diabetu 3. LF UK
nyni nové prejmenovaném Ustavu patofyziologie 3. LF UK. Ustav se ve své vyzkumné aktivit&
dlouhodobé zabyva vyzkumem tukové tkdné€, obezitou, metabolickymi komplikacemi obezity a
jejich prevenci. Prace je tématicky rozdélena do dvou €asti. V prvni €asti je spole€nym tématem
vliv kratkodobych intervenci na prozénétlivy profil jak na urovni tukové tkéané, tak v cirkulaci.
V publikaci €. 1 a 2 je zhodnocen efekt kratkodobé hyperlipidémie a hyperglykémie na imunitni
profil tukové tkané¢ u obéznich Zen. Publikace ¢. 3 popisuje efekt jednordzové podaného
vysokotukového pokrmu na zanétlivé zmény v cirkulaci u mladych zdravych muzi. Publikace ¢. 4
sleduje regulaci mobilizace mastnych kyselin z tukové tkané¢ béhem télesné zatéZe pii podani

metforminu. Druhd ¢ast prace zahrnujici publikace €. 5 a 6 je tématicky veénovana efektu
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hypokalorické diety a jejich riznych fazi na modulaci metabolickych, endokrinnich a imunitnich
funkci tukové tkané u obéznich Zen.

Studie sdruzené v této dizertatni praci poskytuji ptispévky k poznani regulace vzniku
prozéanétlivého stavu organizmu a ulohy energetického piijmu i hladiny zakladnich makronutrientd
v tomto procesu. Tyto stiipky védéni mohou prispét k pochopeni funkénich zmén na Grovni tukové

tkané a vést tak k i€innému rozvoji preventivnich a lé¢ebnych strategii.

Kli¢ova slova: obezita, tukova tkan, hyperlipidémie, hyperglykémie, dietni intervence.

SUMMARY

Obesity is the world's most widespread metabolic disease and its continous rise in prevalence is
alarming. The severity of obesity is that it is associated with a significant increase in the risk of
metabolic diseases such as type 2 diabetes mellitus, hyperlipidemia, cardiovascular disease and
some types of cancer. Obesity thus contributes significantly to increasing the cost of healthcare
system. Preventing the aforementioned diseases is essential to reduce this burden. This is based both
on the prevention of obesity itself, on the other hand, on the knowledge and consequent influence
on the mechanisms of metabolic disorders associated with obesity. These disorders are based on
changes in key metabolic organs: adipose tissue, liver, skeletal muscle and pancreas. The present
thesis is focused on obesity-induced disorders of adipose tissue at the metabolic, endocrine and
immune levels, presented as dysfunctional adipose tissue. Special attention was paid to the
detrimental effect of elevated levels of basic macronutrients (carbohydrates and lipids) and, on the
other hand, to the beneficial effects of low calorie diets on molecular characteristics of adipose
tissue. The acquired knowledge illuminates the mechanisms of action of nutritional stimuli on
adipose tissue dysfunction at the molecular and cellular level and thus provides an important basis
for the prevention of obesity and related metabolic disorders. Thus, the link between nutritional risk
factors and the etiology of dysfunctional adipose tissue provides scientifically-based facts necessary
to adjust nutritional recommendations. This approach could be called "Molecular Preventive
Medicine".

This thesis is elaborated in the form of a set of publications dealing with the effect of interventions

leading to the elevation of circulating levels of nutrients - hyperlipidemia, hyperglycemia on the one



side, and calorie restriction on the other - on subcutaneous adipose tissue characteristics. A total of
6 publications that were created at the Department for the Study of Obesity and Diabetes, newly
renamed as Department of Pathophysiology on the Third Faculty of Medicine of Charles University
are included. This Department has been engaged in the research of adipose tissue, obesity,
metabolic complications of obesity and their prevention for a long time. The thesis is thematically
divided into two parts. In the first part, the common theme is the influence of short-term
interventions on the pro-inflammatory profile both at the level of adipose tissue and in the
circulation. In publication No. 1 and 2 is evaluated the effect of short-term hyperlipidemia and
hyperglycemia on the adipose tissue immune profile of obese women. Publication No. 3 describes
the effect of a single-dose high-fat meal on inflammatory changes in circulation in young healthy
men. Publication No. 4 is focused on the regulation of fatty acid mobilization from adipose tissue
during exercise influenced by antidiabetic medication - metformin. The second part of the thesis,
which includes publications No. 5 and 6, focuses on the effect of hypocalorie diet and its various
phases on the modulation of metabolic, endocrine and immune functions of adipose tissue in obese
women.

The studies in this thesis provide contributions to the knowledge of the regulation of pro-
inflammatory state of the organism and the role of energy intake and the level of basic
macronutrients in this process. These fragments of knowledge can help to understand the functional
changes at the level of the adipose tissue and thus lead to the effective development of preventive

and treatment strategies.

Key words: obesity, adipose tissue, hyperlipidemia, hyperglycemia, diet intervention.
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1. UVOD

1.1. Epidemiologie obezity

Obezita je charakterizovana nadmérnou akumulaci tukové tkdné v organismu. Jeji pti¢inou
je nerovnovaha mezi energetickym pfijmem a vydejem. Obezitou se rozumi stav s hmotnostnim
indexem BMI > 30 kg/m’. Dle Svétové zdravotnické organizace je obezita povazovana za epidemii
21. stoleti nyni ptertstajici do pandemickych rozmért. V roce 2016 se 39 % dospélé populace ve
svét& nachazelo v pasmu nadvahy (BMI 25,1 -29,9 kg/m’ ) a 13% v pasmu obezity. 11 % bylo muzi
a 15% zen (http://www.who.int/mediacentre/factsheets/fs311/en/ 2018). V Ceské populaci dle
kontinualniho prizkumu spole¢nosti STEM/MARK z roku 2013 se s nadvahou potykd 35 % a s
obezitou 23 % dospélé populace (https://www.slideshare.net/stemmark/obezita-2013-stemmark-vzp
2013). Obéznich je 20 % muzi a 18 % Zen dle dat Ceského statistického ufadu z roku 2018 (viz
obrazek €.1). Ve vétsin€ evropskych zemich se prevalence obéznich dospélych pohybuje mezi 10 -
20 % , v CR je to 23 %, coZ je srovnatelné s okolnimi zemémi jako je Némecko, Litva, Belgie i
Francie. N¢které casti Evropy jsou typické prevalenci obesity nad 30%, napf. jizni Italie ¢1 Malta.
V ramci Evropské unie se CR pohybuje na 13. misté z 28 zemi (Svac¢ina 2013). Oproti vyzkumu
vroce 2011 nedoslo vroce 2018 v CR k vyznamnému nardstu prevalence osob s nadvahou &i
obezitou. Vysvétleni mohou byt mnoha. Jednim z nich je, ze nase populace jiz dosahuje maxima
vzhledem k dané genetick¢é vybaveé, piipadné také informovanost populace o preventivnich

opattenich a rizicich obezity mohou vést k zastaveni vzestupu (Matoulek, Svacina, and Lajka

2010).
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Obrizek ¢&. 1: Vyvoj prevalence nadvahy a obezity u muzi a Zen v CR od roku 1993 — 2017 (zdroj

CsU)
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1.2. Etiopatogeneze obezity

Nejvyznamnéjsi etiopatogeneticky faktor vzniku obezity je nerovnovaha mezi energetickym
prijmem a vydejem. Za poslednich 25 let doslo k vyznamnym zménam jidelni¢ku: napt. ke snizeni
spotfeby hovéziho a vepfového masa a k nardstu spotieby masa dribeziho. Vice nez o pétinu
stoupla spotieba ovoce a zeleniny. Piesto je v CR stale vysokd konzumace tuénych jidel a
sekundarné zpracovaného masa. V mladSi populaci se zvysila spotieba sladkych népoji.
Vyznamnéj$i zmény jsou patrné v energetickém vydeji, kdy doslo k dramatickému nartstu
sedavého zptisobu zivota (Matoulek, Svacina, and Lajka 2010).

Ve vétsing€ pripadl je obezita polygenni onemocnéni, vzacna je monogenni obezita napf.
s mutaci ob genu kodujiciho produkci leptinu, mutaci genu pro leptinovy receptor, receptor pro
melanocortin 4 nebo proopiomelanocortin. Z dalSich pfi¢in Ize zminit endokrinni faktory jakoje
napt. porusend diurndlni sekrece kortikoid, Cushingiiv syndrom, tézka hypotyre6za a taktéz
psychologické faktory podilejici se na vzniku poruch pfijmu potravy jako jsou bulimie, syndrom

noc¢niho piejidani nebo binge eating syndrom.

1.3. Prevence a lécba obezity

Obezita pfedstavuje vyznamny rizikovy faktor vzniku diabetu 2.typu, hyperlipidémie,
kardiovaskularnich, nadorovych a neurodegenerativnich onemocnéni (Lengyel et al. 2018;
Pistollato et al. 2018). V dusledku téchto komorbidit dochazi k vyznamnému vzestupu morbidity a
mortality (Miller et al. 2013). Proto je kladen daraz pfedev$im na preventivni a 1é¢ebnd opatieni

obezity a metabolick¢ho syndromu. Primarné preventivni intervence maji ptiznivéjsi efektivitu

vlozenych nakladd ve srovnani s lécbou jiz vzniklé nemoci. Strategie 1écby obezity zahrnuje nejen
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redukci hmotnosti, ale pfedevsim sniZeni metabolickych rizik. Modifikace zivotniho stylu zahrnuje
tti zakladni komponenty: dietu, pohybovou aktivitu a behavioralni terapii. Komplexni intervence
zahrnuje redukci hmotnosti 0 0,5 — 1 kg/ tydné béhem prvnich 12 tydnii a dale udrzeni hmotnosti
po 6-9 mésict. Klinicky benefit je dosazen uz pii mirné hmotnostni redukci (o 5 -10 % télesné
hmotnosti). Dulezité je vénovat pozornost nejen samotné redukci hmotnosti, ale zméné télesné¢ho
slozeni s cilem sniZzeni tukové hmoty a navySeni svalové hmoty. Soucasti 1éCebné strategie je
zvladnuti komorbidit — kontrola dyslipidémie, glykémie, udrZzeni normélniho krevniho tlaku, lécba

syndromu spankové apnoe a psychosocidlnich omezeni (Yumuk et al. 2015).
Soucasti 1écby obezity jsou (Wilding 2007):

» Dietni intervence

» Pohybova aktivita

» Behavioralni terapie

» Farmakoterapie

» Baritricka chirurgie

1.3.1. Dietni intervence
Evropska Obezitologicka spole¢nost doporuCuje snizeni energetického piijmu o 600
kcal/den k dosazeni redukce télesné hmotnosti o 0,5 kg/ tydn€. Dieta obsahujici > 1200kcal/den,je
nazyvana ,nizkokaloricka vyvazena dieta“. Dieta s energetickym pfijmem niz§im tj. 800-1200
kcal/den, nazyvana ,,nizkokaloricka dieta®, mize vést k deficitu mikronutrietii a je vhodné uzivat

suplementaci minerali a stopovych prvka. Nizkokalorickd dieta je doporucovana pouze jako
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kratkodobd intervence 2-3 mésice vedouci k signifikantni redukci hmotnosti. Neukazal se benefit
nizkokalorickych diet s riznymi poméry makronutrientli (nizkosacharidova, nizkotukova nebo
vysokoproteinova dieta) oproti vyvazené hypokalorické dieté (Yumuk et al. 2015; Shai et al.
2008).Vyvazené nizkokalorické diety maji pozitivni efekt na redukci rizikovych faktort
pro kardiovaskularni onemocnéni a diabetes mellitus 2.typu. Tento typ diety je nejvhodnéjsi volbou
pro déletrvajici uspéch lécebné strategie obezity (Yumuk et al. 2015).

Velmi nizkokaloricka dieta obsahuje 400-800 kcal/den a je obvykle preskribovana na kratsi
casovy usek 4-8 tydnti, kdy nejprudsi pokles hmotnosti byva dosazen béhem prvniho tydne (2-8 kg)
a nasledné dochéazi k redukci maximalné 2 kg/ tyden (Heiner 2004). Tyto diety jsou vyuzivany
nejCastéji pro pacienty s BMI >35kg/m2 nebo BMI >30kg/m2 s komplikacemi pfi nutnosti rychlé
redukce vahy nebo rychlého ovlivnéni insulinové resistence. Je dostupné velké mnozstvi
komer¢nich ptipravklt VLCD k pfipravé tetkuté diety ( napt. Ultra Fit and Slim, Redita, Optifast,
Modifast aj.). Kudrzeni hmotnosti po absolvovani reduk¢éni diety je dualezita faze stabilizace

hmotnosti vedouci k adaptaci na nove¢ nastavenou energetickou bilanci.

Tabulka €. 2: Typy dietnich intervenci (upraveno dle (Tsigos et al. 2008) )

Typ dietni intervence Denni energeticky prijem
Vyvazena nizkokaloricka dieta >1200 kcal/den
Nizkokaloricka dieta (LCD) 800 — 1200 kcal/day
Velmi nizkokaloricka dieta (VLCD) <800 kcal/day

Multifdzové kombinace vyse uvedenych diet
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1.3.2. Pohybova aktivita

Pohybova aktivita je nedilnou soucasti rezimovych opatieni vedoucich spolecné s dietou
k redukci hmotnosti a tukové hmoty. Je nesporné, ze kombinace aerobniho a rezistentniho tréninku
ma zdravotné prospésné ucinky a vede k zachovani svalové hmoty u obéznich na rozdil od diety
samotné (Willis et al. 2012). Odborné spole¢nosti (jako je Evropska obezitologickd a Ceska
obezitologicka spole¢nost) doporucuji 150 minut tydné formou aerobni aktivity mirné intenzity
(napt. rychla chiize) v kombinaci s rezistentnim tréninkem 1-3x tydné pro zlepSeni svalové sily
(Willis et al. 2012). Pravidelna aerobni pohybova aktivita bez dietni intervence vede k vyznamnéjsi
redukci hmotnosti az pti velkych objemech aktivity, nicméné i pf1 nepfitomnosti vyrazné redukce
vahy ma ptiznivy vliv na metabolickcy profil (Slentz et al. 2004). K dosazeni metabolickych cili
posta¢i napi. aerobni aktivita 30 minut 5x tydné mirné intenzity (Jensen et al. 2014). Pohybova
aktivita vede ke zlepSeni lipidovych parametrti, poklesu krevniho tlaku, zlepSeni glukozové
tolerance a zvySeni inzulinové citlivosti, redukci mnoZzstvi visceralniho tuku a zvySeni svalové
hmoty, ¢imz se podili na zmirnéni negativniho poklesu klidového energetického vydeje
indukovaného redukci hmotnosti pii dieté. Pohybova aktivita zvySuje spolupraci pacientt
k dodrzovani dietniho rezimu a ma pozitivni efekt v udrzeni hmotnosti, zaroveih ma pozitivni vliv
na psychosomatické aspekty, snizuje anxidozni a depresivni stavy (Ross et al. 2004; Lee et al. 2005).

Pohybova aktivita je také dilezity ¢lanek v prevenci sarkopenie u seniora (Palus et al. 2017).

1.3.3. Kognitivné - behaviordlni terapie
Obezitu je tfeba pojimat 1 z hlediska psychologického jako odliSnost v kognitivnim a
emocnim nastaveni. Jednim z nejefektivnéjSich psychoterapeutickych pfistupii k obézndm

pacientim je kognitivné behaviordlni terapie (KBT) vychdzejici z teorie uceni. Cilem terapie je
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navodit zddouci zmény v nevhodném chovani, mysleni a emocich, zménit Zivotni styl a v kone¢ném
disledku zvysit kvalitu zivota obézniho (Malkova 2006). Zakladnim pilitem KBT je self-
monitoring jidelniho chovani, zdznamy kalorického pfijmu, pohybové aktivity a vyvoje hmotnosti

(Webb and Wadden 2017).

1.3.4. Farmakoterapie

Farmakoterapie miize pomoci pacientim k prohloubeni efektu redukéni diety, k zajisténi
dlouhodobého poklesu télesné hmotnosti a ke stabilizaci Ubytku hmotnosti. Dle novelizace
Doporuéenych postupit v CR (Sva¢ina Stépan et al. 2018) je indikovana u pacientti s BMI > 30
kg/m2 a u pacientti s BMI nad 27 kg/m2 s komplikacemi (DM 2.typ, dyslipidémie). V soucasnosti
lze uzivat bud’ pripravky navozujici centralné pocit sytosti nebo latky blokujici vstiebavani tuku
z traviciho traktu. Z prvé skupiny je nové dostupny kombinovany preparat naltrexon —bupropion,
ktery vykazuje efekt na snizeni hmotnosti i na slozky metabolického syndromu. Antiobezitikem,
které miize byt podavano dlouhodob¢, je blokator stfevni lipazy orlistat, ktery vede ke snizené
resorpci tukl v travicim traktu a navozuje tak negativni energetickou bilanci. K jeho u¢inkim patii i
to, ze vede k obtizim pacienta po poziti tu¢nych jidel. U diabetikli Ize vyuzit antidiabetika, ktera
vedou k redukci hmotnosti- jako inkretinova analoga (exenatid, liraglutid, lixisenatid, albiglutid,
dulaglutid) a blokatory vstiebavani glukézy v ledviné— SGLT2 inhibitory tzv. glifloziny.
Inkretinovy analog, ktery je od roku 2018 dostupny i pro lécbu obéznich bez diabetu, je liraglutid
(Victoza v diabetologii a Saxenda v obezitologii). Jeho efekt je jak centralni inhibice pi{jmu

potravy, tak i pomalejsi vyprazdiiovani zaludku i efekt metabolicky (Svadina Stépan et al. 2018).
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1.3.5. Chirurgickd lé¢ba obezity

Bariatrické chirurgie je nejuc¢innéjSim zptsobem lécby pacientti s BMI > 35 nebo BMI > 30
s ptitomnosti komorbidit typu DM 2. typu, hypertenze, syndromu spankové apnoe a dalsich. Proto
se uziva i ndzev metabolickd chirurgie a pacienti s DM 2.typu mohou byt operovani jiz od BMI 30
kg/m2 (Kasalicky Mojmir 2018). Soucasné dlouhodobé studie ukazuji, Ze po bariatrickém vykonu
dochazi k podstatnému snizeni umrtnosti, k remisi DM 2. typu, k poklesu rizika vzniku chorob
souvisejicich s obezitou a snizeni nakladd na zdravotni péci.Nejvétsi efekt na vyléceni DM 2.typu
maji malabsorp¢ni operace, coz doklada Buchwald et.al ve své metaanalyze. (Buchwald et al. 2007,
Buchwald et al. 2009). Rozsahla 20-ti leta studie Swedish Obese Subjects ukazuje diferencovany
efekt bariatrie na metabolickd onemocnéni s maximem ovlivnéni DM 2.typu, méné pak hypertenze

a dyslipidémie (Sjostrom 2013).

Typy bariatrickych vykont délime na restriktivni (banddz Zaludku, tubulizace Zaludku, plikace
zaludku) nebo kombinované, kde pfevazuje navozeni malabsorpce zivin (Zalude¢ni bypass,
biliopankretické diverze). Prvni typ vykont vede k remisi diabetu 2. typu v 50-80 %, druhy typ az
v 90 % (Kasalicky Mojmir 2018). U kombinovanych vykoni je vSak pacient ohroZen rozvojem

proteinové malnutrice a karenci vitaminii, proto je nutné dlouhodobé sledovani.

1.4. Metabolické komplikace obezity

1.4.1. Inzulinova rezistence
Inzulinova rezistence (IR) je definovana jako stav, kdy normalni hladina inzulinu nevyvolava
adekvatni odpovéd’ v cilovych tkanich a k vyvolani normalni odpovédi je potiebné vétsi mnoZstvi

inzulinu (Kahn 1978). Manifestuje se jako porucha na inzulinu zavislém odsunu glukézy, ale také
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porucha suprese hepatdlni produkce glukozy (Reaven 1995). Postprandidlni hyperglykémie
stimuluje sekreci inzulinu, ktery se navdze na receptor s tyrozin-kindzovou aktivitou, tim dojde
k fosforylaci receptoru a spusténi intracelularni kaskady kindzovych reakci vedoucich k samotnému
biologickému efektu inzulinu. Jednim z nich je exprese glukdézového pienaseCe GLUT-4, ktery je
exprimovan v inzulin-senzitivnich tkanich jako je tukova tkan a kosterni sval (Pessin and Saltiel
2000). Soucasn¢ inzulin stimuluje glykolyzu, syntézu glykogenu a inhibuje glykogenolyzu a
glukoneogenezi v jatrech. Tyto procesy pak zajiStuji udrzeni normoglykémie v organismu. Inzulin
také reguluje metabolismus lipidd — inhibuje lipolyzu v TT a oxidaci MK v jatrech a svalech,
stimuluje syntézu triglyceridl (TG) a jejich vychytavani v TT a v kosternim svalu (Dimitriadis et al.
2011). Jsou popsany mutace mnoha genti inzulinové signalizace a jejich polymorfismy jsou spojeny
s prokazatelné vysSim rizikem rozvoje IR a DM 2.typu, coZ indikuje genetickou predispozici
k jejich rozvoji (Pedersen 1999; Brown and Walker 2016). Piedpoklada se, ze rozhodujici jsou
vSak faktory environmentalni a nutri¢ni, zejména nedostatek fyzické aktivity a nevhodna
zivotosprava, které zhorsuji citlivost k inzulinu. Pokud nedojde k intervenci snizujici inzulinovou
rezistenci — jako je nizkokaloricka dieta a fyzicka aktivita, B-buiiky vycerpaji svou sekrecni
schopnost a dojde tak k relativnimu nedostatku inzulinu a k manifestaci poruchy metabolismu
sacharidii s rozvojem postprandidlnich hyperglykémii nasledovanych rozvojem lacnych
hyperglykémii a konecn¢ DM 2.typu (Jallut et al. 1990). Obézni subjekt s poruchou glukézové
tolerance ma snizenou inzulinovou citlivost a manifestace diabetu je dana poklesem sekrecni
schopnosti B-buniky (Jallut et al. 1990). Defronzo postuloval nejprve tzv. triumvirdt (DeFronzo
1988) a nasledné oktet etiopatologickych mechanismti podilejicich se na vzniku IR a DM 2.typu
(Defronzo 2009).  Nejprve popsal roli kosternitho svalu, jater a beta-bunck pankreatu

v mechanismech vzniku IR a nasledné roli tukové tkané€ (porucha lipolyzy), gastrointestindlniho
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traktu (deficit inkretind), alfa-bun€k pankreatu (hyperglukagonémie), ledvin (zvySena reabsorpe
glukdzy) a mozku (inzulinova rezistence). Tento oktet poukazuje také na vhodné zvoleny typ 1é¢by

dle patofyziologickych mechanismu.

Obrazek €. 7: Defronziiv oktet etiopatogeneze diabetu mellitu 2.typu (Defronzo 2009)
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V tukové tkani vede inzulinova rezistence ke zvySenému uvoliovani volnych MK z adipocytt a
piekroci-li se zasobni kapacita adipocytli, dochazi k ,,pretékani“ MK do cirkulace (Iozzo 2009) a
k akumulaci TG v ektopickych tukovych depech a ukladani MK ve formé toxickych ceramidii a
sfingolipidi ve svalech, jatrech, pankreatu a endotelu, kde zptsobuji klinické znamky inzulinové
rezistence. Tato tzv. lipotoxicita vede k akceleraci hepatalni produkce glukozy, ke snizeni odsunu
glukozy ve svalech a k selhani B-buniky pankreatu (Boden et al. 1994; Roden et al. 1996; Unger and
Zhou 2001).
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1.4.2. Metabolicky syndrom

Metabolicky syndrom je koncept, ktery piedstavuje moznost identifikovat jedince, ktefi se
vyznacuji inzulinovou rezistenci a metabolickymi abnormitami asociovanymi s visceralni obezitou
— tedy maji vysoké riziko vzniku diabetu mellitu 2.typu a kardiovaskularnich onemocnéni.
V literatufe je znamo vice moznych kritérii metabolického syndromu. Ja zde uvadim kritéria dle
IDF (International Diabetes Federation), kdy metablicky syndrom je diagnostikovan, pokud spliluje

tf1 z nasledujicich péti kritérii uvedenych v tabulcec €. 1.

Tabulka €. 1: Kritéria metabolického syndromu dle International Diabetes Federation (Alberti,

Zimmet, and Shaw 2005)

Kritéria metabolického | Muzi Zeny
syndromu

Obvod pasu (cm) >94 >80
Koncentrace HDL (mmol/l) <1,0 <13
Triacylglyceroly (mmol/l) > 1,7 > 1,7
Krevni tlak (mm Hg) > 130/ 85 > 130/ 85
Glykémie (mmol/1) > 5,6 > 5,6

Z dalSich komplikaci obezity mizeme zminit plicni abnormality jako napf. syndrom spankové
apnoe, gastrointestinalni obtize jako je napft. cholecystolithiaza ¢i gastro-ezofagedlni reflux. Taktéz
reprodukéni komplikace spojeny s polycystickymi ovarii a anovula¢nimi cykly. Obézni pacienti
maji vyssi prevalenci psychosocidlnich obtizi. Studie dokladaji také vyssi prevalenci nadorovych

onemocnéni u obéznich (Segula 2014).
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2. TUKOVA TKAN

2.1. Slozeni tukové tkané
Tukova tkan (TT) je slozena z tukovych bun¢k - adipocytti a stromovaskularni frakce (SVF),
ktera zahrnuje mesenchymdalni kmenové buiky, preadipocyty, imunitni bunky, endotelie a

extracelularni matrix. Adipocyt ma oproti jinym bunkdm proménlivou velikost v zavislosti
na fyziologickych okolnostech. Prumér bunky je pfiblizn€ od 10 do 180 um.

Pfi nadmérmém piijmu energie dochazi k ukladani tukovych zasob v organismu ve formé
triglyceridt (Mingrone and Castagneto-Gissey) a tukova tkan muze takto zvétSovat svlij objem
dvojim mechanismem - hypertrofii (zmnozenim intracelularnich lipidi a zvétSenim adipocytll) nebo
hyperplazii (zvySenim poctu adipocytit). Mensi adipocyty jsou pozorovany u Stihlych jedinct,
zatimco obézni jedinci maji objem adipocytii vétsi v dusledku vysokého obsahu lipidi. Velikost
adipocytll a obsah lipidi vyznamné ovliviiuje jejich metabolické vlastnosti véetné citlivosti na
inzulin (snizena u velkych adipocytti) a endokrinni produkce (velké adipocyty obéznich produkuji
2002). Zrani adipocytt predstavuje proces adipogeneze (Obrazek €. 2), kdy zasadni roli zde hraji
transkripCni faktory PPARy (proliferator activated receptor gamma) a C/EBP (CCAAT/enhancer
binding protein), které spusti kaskadu zmén v morfologii a genové expresi vedouci k maturaci
adipocytu (Gregoire, Smas, and Sul 1998). Adipogenni kapacita preadipocytu je negativné spojena
s velikosti zralého adipocytu, tedy velké hypertrofické adipocyty zhorSuji adipogenni kapacitu
preadipocytil (Gustafson and Smith 2012) a miize vést k akumulaci visceralni a ektopické TT
(Alligier et al. 2013; Bluher 2010). Ve studii nasi skupiny bylo prokazano, Ze dietni intervence u

obéznich Zen zlepSila adipogenni potencidl preadipocytli cestou sniZeni exprese osteogenniho
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faktoru RUNX2 interferujiciho s aktivitou PPARy (Rossmeislova, Malisova, Kracmerova,
Tencerova, et al. 2013). Lidska tukova tkan zahrnuje dva typy adipocyti: bilé adipocyty (bilda TT) a
hnédé adipocyty (hnéda TT). Lisi se svym bunéénym slozenim i funkci. Zatimco bilé adipocyty
reprezentuji hlavni funkci tukové tkéané¢ v akumulaci lipidi a lipidova kapénka v nich zaujima
vétsSinu objemu, tak hnédé adipocyty obsahuji nékolik malych lipidovych kapének a maji vyssi
denzitu mitochondrii, proto hnédé adipocyty sehravaji krucidlni roli v netfesové termogenezi.
Hnédé adipocyty jsou pfitomny u novorozencl a hibernujicich zvitat, ale publikace dokazuji jejich
pfitomnost 1 u dospélé populace (Nascimento and van Marken Lichtenbelt 2018). V soucasnosti se
popisuje 1 ,, tieti* typ adipocytl tzv. ,,béZové adipocyty®, které vychazeji z bilé TT, ale maji velké

mnozstvi lipidovych kapének a vysokou mitochondridlni aktivitu (Sepa-Kishi and Ceddia 2018).
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Obrazek 2: Schéma diferenciace adipocytl ( upraveno dle (Ricoult and Manning 2013).
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2.2. Distribuce tukové tkané

Tukova tkan je lokalizovana priméarné ve tiech oblastech (Obrazek €. 3):
1) Podkozni TT - abdominalni, glutealni a femoralni depo
2) Intraabdominalni TT - mesenterické, omentalni a retroperitonealni depo)

3) Ektopicka TT - epikardialni, intramuskularni, intrahepatalni a perivasalni tuk

Obrazek ¢€.3: Distribuce tukové tkané (upraveno dle Tchkonia, (Tchkonia et al. 2013) )
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Distribuce TT ma vliv na metabolicky profil daného jedince (Tchkonia et al. 2013). Vé&t§i mnozstvi
podkozni a viscerdlni TT v oblasti bficha je spojeno s inzulinovou rezistenci, progresi
aterosklerdzy, rozvojem arteridlni hypertenze a diabetu mellitu 2.typu. (Wajchenberg 2000; Iozzo
2009). Tento typ obezity je oznaCovan jako “androidni obezita “ a z hlediska kardiovaskularnich
komplikaci je rizikovéjsi nez “gynoidni obezita”, ktera je spojena s nahromadénim podkozni TT v
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oblasti bokli a hyzdi (Ebbert and Jensen 2013; Despres 2001). Existuji jesté¢ dal$i ulozisté¢ TT
s odliSnymi vlastnostmi jako je napf. epikardidlni TT, kterd naléha na srdecni sval a jeho obaly.
Studie ukazuji, ze vétsi mnozstvi této TT je spojeno s vyssim kardiovaskularnim a metabolickym
rizikem (Kim et al. 2016) a produkuje vice prozanétlivych faktorti nez visceralni TT u pacientd
s manifestni ateroskler6zou (Kremen et al. 2006).

Rozlozeni tukové tkané se lisi v zavislosti na pohlavi — pro Zeny je typicka gynoidni distribuce s
anatomické rozloZzeni TT vykazuje diverzitu v odpovédich na externi signaly (napf. inzulin,
lipolytické signdly), rozdilny sekrecni profil a zastoupeni imunokompetentnich bunck. Nekteré
prace uvadeji, ze visceralni TT je v porovnani s podkozni TT vice infiltrovana imunitnimi butikami
a produkuje vice prozanétlivych plsobkli ve srovndni s podkozni TT (Dolinkova et al. 2008).
Rozdil mezi témito dvéma depy je dan rozdilnou prozanétlivou charakteristikou TT, kdy visceralni
TT je asociovana s vys$Sim rizikem rozvoje metabolickych komplikaci (Klimcakova, Roussel,
Kovacova, et al. 2011). Dal§im vysvétlenim rozdilného metabolického profilu téchto dvou dep
muze byt vyssi hladina volnych MK pochazejici z lipolyzy z abdominalni TT, ktera je drénovana
piimo do portalniho fecisté, coz je spojovano s rozvojem inzulinové rezistence (Karpe, Dickmann,
and Frayn 2011). Na druhé stran¢ gluteofemoralni TT piedstavuje protektivni funkci a je spojena
s niz§im metabolickym rizikem a niz§i kardiovaskularni morbiditou a mortalitou ve srovnani
s abdominalni obezitou (Snijder et al. 2004; Pischon et al. 2008). Studie nasi skupiny neprokazala
rozdilnou genovou expresi prozanétlivych cytokin ani markerd makrofdghi v podkoZzni

abdomindlni TT a v glutedlni TT v bazdlnim stavu ani pfi dietni intervenci (Malisova et al. 2014).
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Neékolik studii doklada vyssi uvoliiovani MK (Berman et al. 1998; Berman et al. 2004) a aktivitu
LPL (Arner et al. 1991; Ferrara et al. 2002) v podkozni abdomindlni TT ve srovnani s glutealni, coz

predpoklada vétsi kapacitu glutealni TT k akumulaci lipida.

2.2. Lipolyza tukové tkané a jeji regulace

Lipolyza je proces mobilizace tukt z tukové tkané, kdy se hydrolyzuji triglyceridy (TG)
(Mingrone and Castagneto-Gissey) a dojde k uvolnéni volnych MK a glycerolu do intersticia a
nasledné do cirkulace (Stich and Berlan 2004). TG jsou hydrolyzovany 3 lipazami: adipotriglycerid
lipaza (ATGL), ktera hydrolyzuje triacylglycerol na diacylglycerol (DAC) a volné MK, déle
hormon-senzitivni lipaza (HSL) hydrolyzuje DAG na monoacylglycerol (MAG), a
monoacylglycerol lipaza (MGL), kterd hydrolyzuje MAG na glycerol a MK. Lipolyticky u¢inek
ma fada hormonti a cytokini, které se podileji na regulaci lipolyzy. Katecholaminy a Atrialni
natriureticky peptid (ANP) jsou hlavnimi stimulatory lipolyzy (Langin, Lucas, and Lafontan 2000).
Katecholaminycestou B1 a B2 adrenoreceptort stimuluji a cestou a2 receptoril inhibuji lipolyzu,
inzulin ptsobi také inhibi¢né€, zatimco atridlni natriureticky peptid a rtistovy hormon jsou faktory
stimula¢ni. Byla popséana také fada endogennich ptsobkt s lipolytickym plisobenim — napi. TNF a
IL-6 (shrnuto v review (Rossmeislova, Malisova, Kracmerova, and Stich 2013). U obéznich je
popsana porucha regulace lipolyzy v podkozni tukové tkani vyjadiena jako rezistence
ke katecholaminy-stimulované lipolyze. Tato rezistence mize byt dana vlivem sniZeni exprese 2
adrenoreceptort a zvySeni exprese 02 adrenoreceptorti (Mauriege et al. 1991). DalSim z defektl
u obéznich je snizend exprese HSL v podkozni tukové tkéani (Large et al. 1999), tento defekt byl

popsan i u prvostupnipvych ptibuznych obéznich pacienti (Hellstrom et al. 1996).
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Obrazek €. 4: Lipolyza (Langin 2006)
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2.3. Endokrinni funkce tukové tkané

Tukova tkan je povazovana za aktivni endokrinni organ, ktery uvoliuje do cirkulace
cytokiny podilejici se na regulaci systémového metabolismu a ovliviiujici funkci imunitnich bun¢k
1 adipocytll samotnych (Hotamisligil, Shargill, and Spiegelman 1993). Dle soucasnych poznatki je
znamo vice nez 600 piisobkll produkovanych tukovou tkani (Bluher 2013). Tyto ptisobky se obecné
nazyvaji adipokiny ¢i adipocytokiny, jsou produkovany nejen adipocyty, ale také

imunokompetentnimi butikami, endotelidlnimi buiikami, fibroblasty a dal$imi bunkami v tukové

-----
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pusobky (tumor necrosis factor a: TNFa, monocyte chemoattractant protein 1: MCP1, interleukin 6:

IL6). Prehled né¢kterych adipokinti shrnuje Tabulka €. 3.

Tabulka €. 3: Prehled adipokini (upraveno dle (Ouchi et al. 2011)

Nézev hormonu Zdroj Funkce

Leptin Adipocyty Kontrola chuti kjidlu a energetické
homeostazy, imunitni funkce

Adiponectin Adipocyty Protizanétlivy, inzulinovy senzitizér,
antilipolyticky

Resistin Monocyty/makrofagy ZvySuje sekreci prozanétlivych cytokind
z makrofagi, spojen s inzulinovou rezistenci

Monocytarni chemotakticky | Adipocyty, SVF buiky Recruitment monocyt

protein (MCP-1 = CCL-2)

Interleukin 6 Adipocyty, SVF buiky, | Lisi se dle tkané
hematocyty, svalové
bunky

Interleukin 18 SVF bunky prozanétlivy
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Tumor necrosis factora Adipocyty, SVF bunky Prozanétlivy, antagonista inzulinové
signalizace
Retinol binding protein 4 Hepatocyty, adipocyty, | inzulinova rezistence
makrofagy
Visfatin Adipocyty Inzulin —mimeticky efekt
Fatty acids binding protein 4 Adipocyty Intracelularni  transport MK, ovlivnéni
inzulinové rezistence

Exprese prozanétlivych a protizdnétlivych adipokinii je ve zdravé tukové tkani v rovnovaze.
Nicméné u obéznich ptevazuji prozanétlivé adipokiny, které vedou k rozvoji inzulinové rezistence.

Obrazek €. 5: Prevaha prozanétlivych adipokini u obéznich (Aguilar-Valles et al. 2015)
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Leptin

Leptin je proteinovy hormon kodovany ob genem, ktery byl objeven vroce 1994 metodou
pozi¢niho klonovani u morbidné obéznich ob/obmysi (Zhang et al. 1994). Ob/ob mys se vyznacuje
mutaci genu pro leptin a trpi hyperfagii, morbidni obezitou, inzulinovou rezistenci a diabetem
mellitem 2.typu (Friedman and Halaas 1998). Podanim rekombinantniho leptinu doslo ke zvratu
téchto odchylek. Nicméné, u obéznich pacientli neptineslo podavani leptinu v 1€cbé obezity zadné
vysledky. Hladiny leptinu jsou u obéznich zvyseny, coz doklada existenci leptinové rezistence (Cui,
Lopez, and Rahmouni 2017). Tento adipokin se podili na centralni regulaci jidelniho chovani
aktivaci anorexigenni osy s ndslednou redukci energetického piijmu a zvySenim energetického
vydeje (Vong et al. 2011). Hladiny leptinu pozitivné koreluji s mnoZstvim tukové tkané.
Nejpravdépodobnéjsi ulohou leptinu je jeho regulacni vliv u malnutri¢nich stavii. Navic ma dalsi
mnohocetné role v imunitnim systému, kdy se povazuje za pievazné prozanétlivou molekulu

schopnou aktivovat adaptivni 1 vrozenou imunitu (Naylor and Petri 2016).

Adiponektin

Rok po objevu leptinu byl popsan adiponektin, protein produkovan adipoO genem a sekretovan
ze zralych adipocytt do cirkulace, kde dosahuje nasobné vyssich hladin nez ostatni cytokiny (3-30
pg/ml ) (Ouchi et al. 2003). Adiponektin je ve vysoké mife exprimovan funk¢nimi, inzulin-
citlivymi adipocyty a jeho exprese je snizena u dysfunk¢nich hypertrofovanych adipocyta
vyskytujicich se pfevazné u obéznich (Lihn, Pedersen, and Richelsen 2005). Hladiny adiponektinu
jsou snizené pii obezité, inzulinové rezistenci a diabetu mellitu 2.typu (Arita et al. 1999; Abbasi et
al. 2004). Vyskytuje se v nc¢kolika multimernich izoformach — jako trimer o nizké molekulové

hmotnosti, hexamer o stfedni molekulové hmotnosti a multimer o vysoké molekularni hmotnosti.
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Vsechny tyto izoformy jsou detekovatelné v krvi. Jednotlivé izoformy vykazuji riznou aktivitu a
afinitu v riznych tkanich a stav polymerizace adiponektinu ovlivituje jeho biologickou aktivitu
(Waki et al. 2003). Ve studii nasi skupiny bylo prokazano, ze hladina adiponektinu se neméni po
redukci hmotnosti, coz indikuje, ze adiponektin ziejmé neni hlavni determinanta inzulinové
citlivosti navozené redukci hmotnosti (Polak et al. 2008). V experimentu na myS$im modelu vsSak
podavani adiponektinu upravilo parametry inzulinové rezistence. Podani peroralniho antidiabetika
thiazolidindionu (glitazony) zvySilo hladinu adiponektinu, coz miize castecné vysvétlovat

mechanismus u¢inku tohoto Iéku (Maeda et al. 2001).

Interleukin 6

IL-6 patii do skupiny prozanétlivych cytokinli a tukova tkan produkuje zhruba 1/3 cirkulujiciho
mnozstvi IL-6 (Ziccardi et al. 2002). Exprese IL-6 v TT i koncentrace cirkulujiciho IL-6 pozitivné
koreluje s obezitou, poruchou glukozové tolerance a inzulinovou rezistenci (Fernandez-Real and Ricart
2003). V praci nasi skupiny bylo ukazano, ze se hladina i exprese IL-6 v tukové tkani snizuje pti redukei
hmotnosti (Siklova-Vitkova et al. 2012). IL-6 také inhibuje adipogenezi a snizuje sekreci
adiponektinu (Fernandez-Real and Ricart 2003). Role IL-6 je vSak velmi komplexni a rozdilné
efekty na energetickou homeostazu vykazuji ucinky IL-6 v periferii a v CNS (Kershaw and Flier

2004).

MCP-1

Obezita je asociovana se zvySenou infiltraci TT makrofagy, které svou sekrecni aktivitou ptispivaji
k inzulinové rezistenci (napt. IL-6 a TNF- o ). MCP-1 je chemokin, ktery je exprimovan v tukové
tkani adipocyty 1 buntkami SVF a piisobi jako chemoatraktant makrofagi do TT (Weisberg et al.

2003). Infiltrace TT makrofagy pak muize pfispivat k metabolickym odchylkdm u obezity a
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inzulinové rezsitence (Sartipy and Loskutoff 2003). Toto doklada in vitro studie, kdy adipocyty
inkubované s MCP-1 vykazovaly snizené vychytavani gluk6zy a rezistenci k inzulinu (Gerhardt et
al. 2001). Studie nasi skupiny ukazuji vysSi sekreci MCP-1 zTT pfi akutni 3-hodinové

hyperglykémii (Siklova et al. 2015).

TNF-a

Tento cytokin je jeden z hlavnich prozanétlivych mediatort, ktery je zvySené exprimovan adipocyty
a bunkami SVF v tukové tkani u obezity a inzulinové rezistence (Hotamisligil, Shargill, and
Spiegelman 1993). Hladiny cirkulujiciho TNF-a jsou zvySené u obéznich diabetika 2.typu na rozdil
od neobéznich diabetikli (Miyazaki et al. 2003). Tento mediator ovliviiuje metabolismus lipida
v tukové tkéni. In vitro bylo prokazano na izolovanych adipocytech, ze TNF-a suprimuje aktivitu
genl regulujicich vychytavani MK v TT. Zarovenn TNF-a aktivuje lipolyzu v TT a dochézi tak ke
zvyseni hladin volnych MK, coz ziejmé ptispiva k rozvoji inzulinové rezitence (Akash, Rehman,

and Liaqat 2018).

2.4. Imunitni buniky v tukové tkani

Obezita je asociovana s chronickym mirnym prozanétlivym stavem organismu spojenym
s produkci a uvoliiovanim prozénétlivych molekul do cirkulace a do vlastni tukové tkané a se
zvySenou infiltraci TT imunitnimi buitkami (Rosen and Spiegelman 2014). Poruchy funkce TT jsou
spojeny s metabolickymi odchylkami na celotélové urovni, jak dokladaji prace, kdy inzulinova
rezistence koreluje s infiltraci podkozni TT makrofagy a s expresi a sekreci prozanétlivych cytokini

(Klimcakova, Roussel, Kovacova, et al. 2011; Klimcakova, Roussel, Marquez-Quinones, et al.
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2011). Fenotyp imunitnich bun€k je ovliviiovan cytokiny produkovanymi pfimo adipocyty nebo
buitkami SVF. Napf. leptin stimuluje aktivaci makrofagl a indukuje proliferaci THI lymfocytd
(Bruun et al. 2002), dale spousti uvolnéni prozanétlivych cytokin (TNFa, IL1p, IL6) z imunitnich
bun¢k (Zarkesh-Esfahani et al. 2004). Na druhé strané adiponektin indukuje sekreci
protizanétlivych cytokinti z makrofagi (Wolf et al. 2004).

T- helper (Ty) a T-reg lymfocyty a M2 typ makrofagli (Zeyda et al. 2011). U obéznich jedinci
pievazuje prozanétlivy fenotyp imunitnich bunck - Tyl lymfocyty, cytotocické T-lymfocyty (Tc¢) a
M1 typ makrofaglti (Osborn and Olefsky 2012). Je nutno brat v tvahu, Ze tyto dobtie odliSitelné
skupiny makrofagii M1 a M2 byly popsany ve zvifecim experimentu (Lumeng, Bodzin, and Saltiel
2007), ale v lidské tukové tkani ziejmé neni toto fenotypické rozdéleni na prozanétlivé a
protizanétlivé makrofagy jednoznaéné prokazano, spise se predpoklada celé kontinuum fenotypu od
M1 k M2 makrofagtim. Jak bylo ukdzéno ve studii skupiny Anne Boulomié - makrofagy v lidské

rrrrr

2004).

Ackoli se za hlavni faktor v ,,0sidleni TT imunitnimi bunkami dlouhou dobu povazovaly pravé
makrofagy, které svymi plisobky ptitahovaly dal$i imunitni buiiky do tukové tkané€, pii dalSim
studiu se ukazalo, ze akumulaci makrofagti predchazi infiltrace T- lymfocyty, které pravdépodobné
reaguji na metabolické stimuly jako je vysokotukova dieta difive nez makrofidgy (Feuerer et al.
2009). Jiné studie poukazuji na to, Ze dalSim moznym stimulem infiltrace tukové tkan€¢ imunitnimi
buitkami mohou byt volné mastné kyseliny, které se uvoliuji z hypertrofickych adipocytl a vedou
k expresi chemoatraktanti (MCP -1, IL-8) (Graham et al. 2006). Dtlezitymi stimuly ovliviiujicimi
vstup imunokompetentnich bun€k do TT jsou také: lipotoxicita (Unger and Scherer 2010), zvySena
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apoptéza hypertrofickych adipocyti v disledku hypoxie (Halberg et al. 2009) a stres
endoplazmatického retikula (Ozcan et al. 2004). Vliv nutri¢ni a dietni intervence na infiltraci tukové

tkan¢ imunitnimi bunkami je jednim z cila této prace.

2.5. Dysfunkce tukové tkané

Z pohledu metabolickych komplikaci je zcela zasadni schopnost tukové tkané ukladat lipidy
a jejich metabolity, aby nedochazelo k jejich ektopickému ukladani mimo tukovou tkan (Ravussin
and Smith 2002). Jsou dva zékladni principy expanze tukové tkan¢, jak jiz bylo zminéno vyse.
Hyperplasticky typ je charakterizovan tvorbou novych (pre)adipocytii s vysokou schopnosti ukladat
tukové kapénky. Tento typ expanze je spojen s nizSim rizikem metabolickych komplikaci obezity
a predstavuje jedno z vysvétleni tzv. metabolicky zdravych obéznich (Tan and Vidal-Puig 2008).
Hypertroficky typ je Castéjsi cesta ukladani nadmérného mnozstvi energie zaloZzena na zvétSovani
adipocytt. Tyto zvétSené adipocyty podléhaji stresovym podminkdam jako je mechanicky stres,
lokéIni hypoxie v disledku nedostatecné vaskularizace (Trayhurn, Wang, and Wood 2008) a stres
endoplazmatického retikula. Dochazi tak k aktivaci kaskad, které svymi puasobky ptispivaji
k prozanétlivému stavu organismu (Hotamisligil 2010). Alterovand exprese prozanétlivych a
protizanétlivych faktorti produkovanych imunitnimi buiikami plisobi zpétné€ na adipocyty a podili se
na vzniku dysfunkce tukové tkané. Navic hypertroficky adipocyt vykazuje poruchu inzulinem
stimulované suprese lipolyzy a poruchu katecholaminy a ANP (atridlni natriureticky paptid)
stimulované lipolyzy v TT (Ryden et al. 2016; Nielsen et al. 2014). Zvlasté pak postprandialné
dochazi k poruse skladovani lipida a to vede k pietizeni kapacity adipocyti a k ektopickému
ukladani tuk? v perifernich tkénich jako je kosterni sval, jatra, pankreas, srdce a ledviny, coz

pfispiva k rozvoji systémové inzulinové rezistence (Verboven et al. 2018). Schopnost expanze
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podkozni tukové tkané pfi nadmérném kalorickém piijmu tak mulze hrat zasadni roli v rozvoji
metabolickych komplikaci u obéznich pacientd. Studie naznacuji, ze redukce télesné hmotnosti
navozena dietnim rezimem pozitivn¢ ovliviiuje schopnost expanze a adipogenni potencial tukové

tkan¢ (Rossmeislova, Malisova, Kracmerova, Tencerova, et al. 2013).

Obrazek €. 6: Dysfunkéni tukova tkan u obéznich - infiltrace imunokompetentnimi buiikami a

sekrece prozanétlivych adipocytokini (upraveno dle (Gleeson et al. 2011).
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2.6. Uloha hyperlipidémie a hyperglykémie v patogenezi dysfunkce tukové

tkané a metabolického syndromu.

Hyperlipidémie

Jak jiz bylo v této praci zminéno, obezita je spojena se zvySenou aktivaci imunitnich bunék a
jejich infiltraci do tukové tkéné, coz vede ke zménam v jeji metabolické i endokrinni funkci.
Metabolické faktory, které u ¢lov€ka reguluji zvySenou infiltraci a akumulaci makrofagi a dalSich
imunitnich bunék v tukové tkani, nejsou stale znamy. Jednim z faktord hrajicich zasadni roli
v tomto procesu jsou ziejm¢ volné mastné kyseliny (Klimcakova, Roussel, Marquez-Quinones, et
al. ; Kosteli et al. 2010). Prace Kosteliho a kol. na mySim modelu prokdzala, Zze zastoupeni
makrofagii v tukové tkani korelovalo s koncentraci cirkulujicich MK a s jejich zvySenym
uvoliovanim pfi farmakologické stimulaci ¢i hladovéni. V in vitro studiich samotné saturované¢ MK
zpusobuji zvySeni mRNA exprese 1 sekrece prozanétlivych adipokinti a chemokini (MCP-1, IL-6,
IL-8) u adipocytii 1 makrofagti (Haversen et al. 2009a; Takahashi et al. 2008): mechanismem
pusobeni muze byt stres endoplasmatického retikula a aktivace TLR2/4 receptord, které hraji
v imunitni odpovédi vyznamnou roli. Zvysené hladiny MK zptisobuji zvySeni mRNA exprese CD-
36 na povrchu monocytili, coz vede k akumulaci lipid v téchto bunkach a je predpokladem rozvoje
IR a aterosklerozy (Kashyap et al. 2009). Ve shodé¢ s timto bylo opét na mySim modelu prokazano,
ze vlivem vysokotukové stravy mize dojit ke zméné fenotypu/polarizaci rezidentnich makrofagti ve
sméru aktivace makrofagl produkujicich prozanétlivé latky (Lumeng, Bodzin, and Saltiel 2007).
Tato zména je spojena i s vy$$i akumulaci lipidd pfimo v makrofazich (Prieur et al. 2011). Tyto
poznatky naznauji, ze makrofagy zachycuji piebytek lipidd, ktery neni adipocyty efektivné
ukladdn a zvySena akumulace lipidi v makrofigu nasledné ovliviiuje jeho fenotyp ve sméru

prozanétlivé aktivace. V né€kolika studiich na zdravych neobéznich i obéznich subjektech byl

38



prokazan postprandidlni nartst prozanétlivych cytokint (IL-6, PAI-1) v plasmé po HFM (Blackburn
et al. 2006; Poppitt et al. 2008). Jednim z dilezitych zdroji cirkulujicich cytokint je tukova tkan,
nicméné¢ zmény ukazateli prozanétlivého stavu TT v podminkach zvySené hladiny lipidd,

respektive mastnych kyselin, jsou u ¢lovéka prozkoumany jen malo.

Obrazek ¢. 7: ZvySena hladina volnych MK atrahuje makrofagy do tukové tkané¢ (Kosteli et al.

2010).
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Hyperglykémie

Porucha glukézového metabolismu u obéznich mize predstavovat jeden z faktort podilejicich se
na deterioraci funkce TT. Lu a kol. exponovali adipocyty hyperglykemickym podminkdm a
prokazali sniZeni inzulinové citlivosti a zvySeni reaktivnich forem kysliku in vitro na krysich
adipocytech (Lu et al. 2001). Podobné zavéry byly prokdzany i na humannich adipocytech, kterépii
hyperglykemickych podminkdch in vivo vykazovali sniZeni insulinem stimulovaného odsunu
glukozy (Lin et al. 2005). Navic bylo prokazano, Ze fluktuace hladin glykémie je vice §kodliva nez

chronicka expozice hyperglykémii (Monnier et al. 2006). Skodlivy efekt hyperglykémie miize byt
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zprosttedkovan cestou indukce oxida¢niho stresu (cestou kone¢nych produkti glykace a aktivace
protein kindzy C) a aktivaci prozanétlivych kaskdd vedouci ke zvySeni sekrece prozanétlivych
cytokinii (Marfella et al. 2001; Chen 2006). Je popsan efekt hyperglykémie na zvySeni hladin
leptinu a snizeni hladin adiponektinu, coz pfispiva k metabolické dysfunkci u diabetiki 2.typu
(Faraj et al. 2008). Je také popsan efekt hyperglykémie na zvySeni mRNA a proteinové exprese
TLR-2 a TLR-4 na monocytech, coz ziejmé ptispiva k prozanétlivému stavu organismu (Dasu et al.
2010). Vtéto dizertaéni praci v CASTI A se zabyvam pravé vlivem hyperlipidémie a

hyperglykémie na systémovy prozanétlivy stav a imunitni odpovéd’ v tukove tkani.

2.7. Vlivreduk¢ni diety na tukovou tkan u obéznich

Kli¢ovou slozkou prevence a 1éCby obezity je redukéni dieta, kterd vede nejen ke sniZzeni tukové
hmoty, ale i metabolickych poruch s obezitou spojenych. Nizkokaloricka dieta vyvolava funkcni i
morfologické zmény v TT a lze ptedpokladat, Ze takto napomaha k ,,apravé* dystunkce TT. Studie
porovnavajici efekt ptisné nizkokalorické diety (VLCD) a bariatrické chirurgie ukazuji témét stejny
efekt na zlepSeni inzulinové citlivosti, funkce B-bun€k a lipidovych parametrii, pokud je dosazeno
srovnatelné redukce tukové hmoty (Jackness et al. 2013). Nicméné pozitivni efekt kalorické
restrikce je pozorovan jiz v dob¢, kdy neni dosazeno ubytku tukové hmoty. Inzulinova citlivost
vyjadiena indexem HOMA-IR (homeostasis model assessment for insulin resistence) se zvysila jiz
po 2 dnech VLCD (Jazet et al. 2005). Stejné tak efekt bariatrické chirurgie na parametry
glukdzového metabolismu byl pozorovan u diabetikd 2. typu jiz v asné pooperacni fazi
bez dosazené redukce tukové hmoty (Mingrone and Castagneto-Gissey 2009). Mechanismus
casného efektu bariatrické chirurgie je vysvétlovan vylou¢enim proximalni ¢asti tenkého stfeva, tim

dojde k supresi anti-inkretinovych pusobkl, zvySeni cirkuluji hladiny glukagon-like peptidu 1
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(GLP-1) a stimulaci sekrece inzulinu (Laferrere et al. 2008; Laferrére 2016). Mechanismus efektu
samotné kalorické restrikce neni dosud zcela prozkouman. Podilet se mize modifikace
charakteristik TT a zastoupeni imunitnich bunék, pfestoze se neméni mnozstvi TT. Odpoveéd
prozéanétlivych cytokini na kalorickou restrikci (VLCD) byla popsana ve vice studiich shrnutych
v nasledujicich ptehledech (Rossmeislova, Malisova, Kracmerova, and Stich 2013), (Klimcakova et
al. 2010). Obecné lze shrnout, ze redukce hmotnosti 5-10% moduluje sekreci adipokinti a vede ke
zlepSeni metabolického profilu jedince. Ve studiich nasi skupiny bylo ukézano, ze modulace
adipokinii pti kalorické restrikci zavisi na dob¢ trvani a mifte restrikce (Siklova-Vitkova et al. 2012,
Siklova et al. 2014). V dalsich studiich byl prokazan pokles genové exprese markerti makrofagt
(Capel et al. 2009a) ¢i piimy pokles makrofagti v TT méfeny pratokovou cytometrii v odpovedi na
kalorickou restrikci. (Kovacikova et al. 2011). Dietni intervence také ovliviiuji regulaci lipolyzy.
Kratkodobé hladovéni stimuluje lipolyzu u neobéznich subjekti, u obéznich k této zméne nedochazi
(Horowitz et al. 1999).Ve studii nasi skupiny byla u obéznich jedincii zjisténa aktivace lipolyzy po
2 dnech velmi ptisné kalorické restrikce (VLCD) bez redukce hmotnosti: bylo zjisténo zvySeni
exprese HSL v podkozni TT a zvySené uvoliiovani glycerolu z TT (Siklova et al. 2014). Aktivovana
lipolyza ptetrvava i po meésici piisné kalorické restrikce, kdy studie prokazaly vyssi expresi HSL
(Stich et al. 1997) a také vyssi citlivost ke smimulaci lipolyzy katecholaminy (Barbe et al. 1997)
nebo ANP (Sengenes et al. 2002). Regulace lipolyzy a uvoliovani volnych MK z tukové tkan¢ do
cirkulace se méni v jednotlivych fazich dietniho rezimu, coz mize byt podkladem dynamiky
odpovédi inzulinové rezistence, imunitniho stavu a dal§ich metabolickych zmén na nutriéni
intervenci. Je zfejmé, Zze zmény vyvolané kalorickou restrikci vedou k upravé poruchy regulace
lipolyzy u obéznich (Stich 2016). V této dizertaéni praci v CASTI B se zabyvam efektem kalorické

restrikce na ovlivnéni metabolickych a imunitnich charakteristik v tukové tkani.
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3. POPIS VYBRANYCH METODIK

Jednotlivé metody jsou popsany v Prehledu publikaci v Kapitole 5 a podrobné dale v ptiloZzenych
originalnich publikacich, proto jsou zde popsany pouze nékteré klicové metody zejména

s klinickym zamétenim.

3.1. Jehlova biopsie podkoZni tukové tkané

Tato metoda spociva v odbéru malého mnoZzstvi (1-2g) podkozniho tuku z oblasti bficha. V cca
10-15 cm lateraln€ od umbiliku za sterilnich kautel po znecitlivéni lokalni anestezii (1% Mesocain
Zentiva, Praha) zavadime punk¢ni jehlu s 20 ml stiikackou, kterd ndm vytvoti podtlak. Takto

nekolik minut odsavame podkozni tuk, ktery je ndsledné procistén a rozdélen pro nasledné analyzy.

3.2. Euglykemicky a Hyperglykemicky clamp

Euglykemicky hyperinzulinovy clamp (zdmek) je ,zlaty standart“ ke zjiSténi periferni

inzulinové rezistence organismu a jeho protokol detailn¢ popsal v roce 1979 DeFronzo (DeFronzo,
Tobin, and Andres 1979). Principem je zhodnotit inzulinovou citlivost na zakladé rychlosti odsunu
glukézy pfi intravendéznim podani pfedem definovaného mnozstvi inzulinu (1 mIU.kg-1 .min-1).
Tato koncentrace inzulinu v plazmé (hyperinzulinémie) je dostacujici k inhibici endogenni
produkce glukoézy a sekrece inzulinu. Pacient se dostavi po 12-ti hodinach lacnéni a jsou mu
zavedeny periferni zilni kanyly v kubitalni jamce pro podévani roztoku inzulinu (Humulin R, Eli
Lilly, CR) a zaroven je podavan nitrozilng roztok 15% glukézy s 30ml 7,45% KCl tak, aby byla
udrZzovéana euglykémie. Odbéry krevnich vzorki ke stanoveni glykémie (Precission PCx , Abbott

Laboratories, Némecko) probihaji po 5-ti minutich z Zily na dorsu ruky, kterd je v pribéhu
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vySetfovani ohfivana k dosazeni arterializace zilni krve. Rychlost infuze glukdzy potiebnd k udrzeni
euglykémie odpovida odsunu glukozy z extracelularniho prostiedi do bunék a je métitkem ucinku
inzulinu. Tato hodnota je vyjadiena jako tzv. M-value (metabolizovana gluk6za). M-hodnota je
vypoctena z rychlosti pritoku roztoku glukézy v rovnovazné fazi v poslednich 30-ti minutach
clampu vydélenim stfedni rychlosti infuze gluk6zy za urcitou periodu clampu télesnou hmotnosti

(mg/kg/min) (Pelikanova and Zadak 2011).

Hyperglykemicky clamp, ktery se standartné vyuziva k testovani sekrece inzulinu, jsme pouzili ve

studii €. 2 k navozeni experimentalni hyperglykémie. Pacient se dostavi po 12-ti hodinach la¢néni a
jsou mu zavedeny periferni Zilni kanyly v kubitdlni jamce. 5 minut pfed zahajenim bolusu glukozy
je pacientovi podana infuze octreotidu (Sandosatin, Novartis) k zablokovani endogenni produkce
inzulinu. Inicidlné podavame 25 pg intravendzné€ a nasledné infuzi rychlosti 30ng/min/kg hmotnosti
pacienta. Po bolusové déavce 0,33 g/kg glukdézy jsme intravendézné podali roztok 20% glukdzy
k dosazené stabilnich hodnot glykémie v rozmezi 15 — 18 mmol/l po dobu tfech hodin. Odbéry
krevnich vzorkl ke stanoveni aktudlni glykémie (Precission PCx , Abbott Laboratories, Némecko)

byly provadény po 5-ti minutéch.

3.3. Mikrodialyza

Mikrodialyzacni technika je mini-invazivni metoda umoZznujici monitorovani metabolitii
v extracelularni tekutin€é in vivo. V naSich studiich vyuZivdme tuto metiodiku predevSim
ke sledovani zmén v podkozni tukové tkani béhem riiznych intervenci. Mikrodialyza¢ni sonda je
vybavena semi-permeabilni membranou, ktera umoziuje pruchod latek po sméru osmotického

gradientu, tedy z tkan¢€ do dialyzatu, ve kterém jsou posléze tyto latky analyzovany. Nejcastéji jsou
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stanovovany nizkomolekularni metabolity, cytokiny apod. Ve studii ¢. 4 jsme analyzovali hladinu
metforminu, laktatu a glycerolu v tukové tkdni béhem akutni télesné zatéze. Mikrodialzy¢ni sondu
(20 x 0.5 mm; 20 kDa cut-off; Carnegie Medicine, Stockholm, Sweden) zavadime do podkozni
tukové tkané v oblasti bficha cca 10-15 cm od umbiliku v lokdlnim zneciltlivéni (1% Mesocain,
Zentiva, Praha) za sterilnich kautel. Sonda je napojena na mikrodialyza¢ni pumpu (Harvard
apparatus, France) a promyvéana Ringerovym roztokem (139 mM Na®, 2.7 mM K", 0.9 mM Ca®",
140.5mM CI, 2.4 mM HCOs", Baxter, Czech Republic) rychlosti 2.5 pLL/min. Vzorky dialyzatu
jsou sbirdny po 60 minutach ekvilibrace v 15-30 minutovych intervalech, dale zmrazeny v -80 °C a
nasledné analyzovany pomoci enzymatickych kolorimetrickych metod (Randox Laboratories Ltd.,

UK) nebo pomoci kapilarni elektroforézy (Tuma, Sommerova, and Siklova 2019).

Obrazek €. 8: Princip mikrodialyzy

dialyzat
' u perfuzat

semi permeabilni
membrana
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3.4. Pritokova cytometrie

Prutokova cytometrie je laboratorni metoda umoznujici analyzu riznych bunéénych subpopulaci
pomoci specifickych markerd. Typizace jednotlivych bunécnych populaci vyuziva reakce antigen-
protilatka, kdy reakce je vizualizovana oznaCenim protilatky fluorochromem a odecteni této
fluorescence pii prichodu laserovym paprskem. Vystupem méieni jsou pak vysledky v grafické
podob¢ histogramii a v procentualnim zastoupeni bunc¢k nesoucich dany antigen. K detekci
povrchovych antigenti jsme pouzili flurescencné znacené protilatky CD4, CD14, CD16 and CD36,
CD3, CDllc, CD14, Toll-like receptor TLR2 a TLR4, CD8 and CD56 (BD Biosciences), které
byly ptfidany ke vzorku pIné krve nebo stromo-vaskularni frakce z tukové tkdné a ponechany 30
minut v pokojové teploté. Poté bylo pfidano lyzacni Cinidlo k lyze erytrocyth na 15 minut a
po promyti fosfatovym pufrem byl vzorek analyzovan priitokovym cytometrem (FACS-Calibur a
CellQuest Pro Software, BD Bio-sciences). Metodickou originalitou nasi laboratofe bylo pouziti
prutokové cytometrie ke stanoveni zastoupeni imunitnich bun¢k v malém vzorku podkozni tukové

tkéan¢ (500mg). Tato metodika nebyla v této aplikaci v dobé vzniku studie pouzivana.

3.5. Analyza metabolitii a cytokini v plasmé

Vzorky plasmy a séra byly piipravovany z nesrazlivé periferni krve a nasledné centrifugovany a
rozdéleny do alikvotti. Zakladni biochemické parametry byly stanovovany v certifikovanych
laboratotich (FNKYV, Spadia Lab). K analyze plasmatickych hladin cytokint jako IL-6, IL-8, IL-10,
TNF-a MCP-1, FGF-21, IL-1B , leptin, VEGF-A , sICAM , sVCAM byla vyuzita imunoanalyza
pomoci metody ELISA ( Enzyme-Linked ImmunoSorbent Assay) za pouziti komerénich kith

(eBioscience; RaD; MyBiosource, USA) nebo multiplexova imunoanalyza (High Sensitivity
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Human Cytokine Milliplex panel; Merck.Millipore, USA) na pfistroji Luminex 200. Pro stanoveni
hladiny glycerolu a neesterifikovanych mastnych kyselin v séru byly pouzity komercni analytické

soupravy na principu kolorimetrie ,,RX Monza“ (Randox Laboratories Ltd., UK).

3.6. Statisticka analyza

Analyza a grafické zpracovani vysledkli byly provedeny v programu GraphPad Prism 5.0
(GraphPad Software, USA). Vysledky jsou uvedeny jako prumér + standardni chyba priméru
(SEM). Hladina statistick¢é vyznamnosti byla stanovena na p < 0,05. Normalita dat byla
posuzovana Shapiro-Wilkovym testem. Data byla vyhodnocena dvouvybérovym Studentovym
T-testem nebo neparametrickym Mann-Whitney testem, dle normalniho ¢i nenormalniho
rozlozeni dat. Efekty intervence byly testovany jednocestnou nebo dvoucestnou ANOVA
(analyza rozptylu) metodou s Bonferroni post hoc analyzou. Korelace byly provedeny pomoci

Personova nebo Spearmanova korela¢niho testu.
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4. CILE PRACE A HYPOTEZY

Porucha metabolickych, endokrinnich a imunitnich funkei TT se podili na rozvoji inzulinové
rezistence u obéznich jedincii a ndsledném zvySeném riziku rozvoje metabolickych a
kardiovaskularnich chorob. Pfedmétem intenzivniho vyzkumu ftady pracovist je identifikovat
molekuly a mechanismy zprostiedkovavajici regulaci vyse zminénych funkci TT tak, aby se mohly
stat potencialnim cilem preventivniho i 1é¢ebného ovlivnéni metabolickych diisledkii obezity.

Cilem tohoto projektu bylo pfispét k poznani regulace vySe zminénych funkci TT rdznymi
nutricnimi  podnéty: od restrikce energetického piijmu aZz k navozeni hyperlipidémie ¢i
hyperglykemie. Byly sledovany zakladni charakteristiky prozanétlivého stavu v TT tj. a) zastoupeni
a/nebo aktivace makrofagh a dalSich bunéénych populaci vtukové tkéani, b) produkce
prozanétlivych cytokinti bunikami tukoveé tkané.

Poznatky ziskané uvedenymi studiemi poukazuji na mechanismy vzniku nutrici vyvolanych
metabolickych zmén v tukové tkani na molekularni a bunécné tirovni a oteviraji cestu k u€inng;si

prevenci a l€¢be¢ obezity.

Specificke cile:

CAST A)

e Objasnit nékteré z mechanismli lipotoxicity resp. glukotoxicity sledovanim ucinku
kratkodobych parenterdlnich intervenci vedoucich k hyperlipidémii a hyperglykémii
na imunitni stav TT, prozanétlivy stav organismu a vztah k ateroskler6ze u obéznich Zen
(Publikace ¢. 1 a 2)

Hypotéza: Hyperlipidémie a hyperglykémie imituji obezitogenni prostredi a vedou k rozvoji

prozanetlivého stavu na urovni organismu i tukové tkané.
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analyzovat prozanétlivou reakci v cirkulaci vyvolanou jednorazovym vysokotukovym
pokrmem u mladych zdravych muzii (Publikace ¢. 3)
Hypotéza: Vysokotukovy pokrm vede k rozvoji prozanétlivého stavu, na kteréem se podili

aktivace stresu endoplasmatického retikula.

sledovat regulaci mobilizace MK zTT béhem télesné zatéze pii podani insulin-
sensibilizujiciho a antilipolytického agens - metforminu- u mladych zdravych muzi

(publikace €. 4)

Hypotéza: Metformin inhibuje lipolyzu aktivovanou fyzickou aktivitou u zdravych muzu.

CAST B)

sledovat ucinek nckolikafdzové kalorické restrikce na regulaci lipolyzy v TT na trovni

exprese regulacnich genli v TT u obéznich Zen (Publikace €. 5)

Hypotéza: Jednotlivé faze lisici se dobou trvani a mirou kalorické restrikce jsou
charakterizovany rozdilnou regulaci lipolyzy v TT tj. rozdilnou expresi genut regulujicich

metabolismus a lipolyzu.

Porovnat efekt 2-denni a 28-denni velmi piisné kalorické restrikce na metabolické a prozanétlivé
charakteristiky v cirkulaci a v podkozni tukové tkani u obéznich zen (Publikace €. 6)

Hypotéza: a) Jiz po dvou dnech trvani prisné nizkokaloricke diety dochazi ke zménam
na urovni systémového metabolického stavu organismu, které mohou byt podminény
zménami na urovni molekularnich charakteristik tukové tkanée. b) Odpoved’ tukové tkané na
2-denni a 28-denni kalorickou restrikci se lisi jak v metabolickych, tak v imunitnich

parametrech.
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CAST A: Kratkodobé intervence

5.1. Publikace ¢. 1:

Origindlni publikace s obrazky a grafy je ptiloZena na str. §2.

Akutni hyperlipidémie vede Kk prozanétlivym a proaterogennim zménam

v cirkulaci a v tukové tkani u obéznich zen.

Uvod: V této studii jsme se zaméFili na efekt parenteralniho podani exogennich lipidti na zanétlivé
a imunitni charakteristiky tukové tkané. Za spousté¢ prozanétlivého prosesu jsou povazovany volné
mastné kyseliny (Klimcakova, Roussel, Marquez-Quinones, et al.) a triglyceridy (Mingrone and
Castagneto-Gissey), zejména saturované MK aktivuji klasickou imunitni odpovéd’ a reguluji sekreci
cytokini v rtiznych typech bunck (Peairs, Rankin, and Lee 2011; Boni-Schnetzler et al. 2009;
Haversen et al. 2009b). Schopnost lipidi aktivovat prozanétlivou odpovéd’ byla porkazana v dalsi
publikaci €. 3 po podani vysokotukového pokrmu, v jiné praci byla tato odpovéd’ vice vyjadiena u
obéznich pacientt (Marques-Lopes et al. 2001). Efekt lipidl na imunitni procesy v TT nejsou piilis
probadany. Saturované MK mohou indukovat zvySenou expresi prozanétlicyh cytokini
v adipocytech. Navic jsou MK povazovany za dualezity ¢lanek pro akumulaci makrofagi v TT
u mysi (Kosteli et al. 2010). Studie dokazuji, Ze zvySena hladina cirkulujicich MK u lidskych
subjektll je asociovana se zvySenou expresi CD36 na monocytech, coz vede k vétsi akumulaci
lipid v téchto bunikach a k rozvoji aterosklerozy (Kashyap et al. 2009; den Hartigh et al. 2010).
Aterosklerdza je, stejné jako obezita, spojovana s chronickym prozanétlivym stavem, endotelidlni
dysfunkci s naslednou aktivaci cirkulujicich leukocytii na mista poSkozeni endotelu (Jaipersad et al.

2014
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). Cilem studie bylo sledovat efekty zvySenych MK v tukové tkéni i na systémové Grovni.

Metody: Tato studie byla provedena u 15 obéznich Zen (BMI 31.4 + 2.7 kg/m®), u nichZ byla
nitrozilné podéana infuze 20% Intralipidu (20% sojovy olej,1.2% fosfolipidy vaje¢ného zloutku,
2.25% glycerol, voda) po dobu 7h rychlosti 60ml/hod. Zastoupeni jednotlivych MK v Intralipidu je:
11.3% palmitova, 4.9% stearova, 39.7% olejova, 46% linolova a 8,1% linolenova kyselina.
V kontrolnim experimentu byla u 10 Zzen (BMI 31.6 + 3.4 kg/m’®) podana infuze fyziologického
roztoku s 2.25% glycerolu. Pfed zapocetim a po ukonceni infuze byla provedena biopsie podkozni
tukové tkané a odbéry krve k provedeni priutokoveé cytometrie a dalSich analyz. Pomoci ELISA a
multiplexové imunoanalyzy na pfistroji Luminex byly stanovovany plasmatické hladiny cytokina
(IL-6, IL-8, TNF-a a MCP-1). Dale byly sledovany aterogenni markery spojené s adhezi imunitnich
bunék (sICAM, sVCAM) a angiogenesi (VEGF-A). Cca 1g tukové tkané byl pouzit k analyze
imunitnich bun¢k v krvi a tukové tkani pomoci pritokové cytometrie. Dale byla analyzovana
mRNA exprese prozanétlivych markerti a markertt imunitnich bunék v tukové tkani (CD3, CD25,
RORC, FOXP3, CD14, CD68, CD206, CD163, CD36, TLR4, IL-6, IL-8, IL-10, MCP-1, TNF-a
aj.)

Vysledky: Akutné zvySena hladina MK vyvolana infuzi Intralipidu zplsobila zvySeni relativniho
zastoupeni T-lymfocytt, a to predevSim populace Th lymfocyta (CD45+/3+/4+) v cirkulaci. Ackoli
v tukové tkani nedoSlo k vyznamnym zménam v populacich T-lymfocytli,, doslo zde ke zvysSeni
exprese markeru RORC (Thl7 prozanétlivé lymfocyty). Relativni zastoupeni monocytil
CDA45+/14+ a CD45+/14+/16+ v krvi bylo vlivem zvySenych hladin lipidl sniZeno. Zaroven doslo
ke zvyseni plasmatickych hladin nékterych cytokinti (IL-6, MCP-1), adhesivnich molekul (sSICAM,
sVCAM) a angiogenniho markeru VEGF-A. V tukové tkani doSlo k nartstu populace CD14+/206-
a populace CD14/TLR4+ monocytti/makrofagi, a ke zvySené expresi cytokint IL-6 a MCP-1.
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Diskuze: Akutni zvySeni hladin MK vyvolava zvySeni nékterych ukazateli prozanétlivého a
proaterogenniho stavu jak v podkozni tukové tkani, tak na systémové urovni. Zjisténé zmény
naznacuji, ze zvysSeni hladin lipidu v cirkulaci navozuje adhezi cirkulujicich monocytarnich bun¢k
na povrch endotelii a indukci prozanétlivého stavu, jenz je asociovan s aterogenezi. V tukové tkani
pravdépodobné¢ dochéazi ke zméné¢ polarizace makrofagi z fenotypu M2 na prozanétlivy Ml
fenotyp. Expozice akutni hyperlipidémii tak piispiva k rozvoji aterosklerdzy a zhorSuje prozanétlivy

stav obéznich Zen.

5.2. Publikace ¢. 2:

Experimentalni hyperglykémie vede ke zvySeni obsahu monocyti a T-lymfocyta

v tukové tkani u obéznich Zen.

Originalni publikace s obrazky a grafy je ptilozena na str. 90.

Uvod: Metabolické komplikace obezity jsou spojovany s mirnym prozanétlivym stavem organismu
(zvySeni hladin cirkulujicich cytokint napt. IL-6, TNF-a, CCL2, CCL5) a se zvySenou akumulaci
imunitnich bunék v tukové tkdni. Bylo prokazéno, ze se vyznamné zvySila exprese markert
makrofagii u obéznich s metabolickym syndromem ve srovnani s obéznimi bez metabolického
syndromu (Klimcakova, Roussel, Kovacova, et al. 2011). Nicméné piic¢ina vyssi zanétlivé infiltrace
tukové tkdn€ u obéznich s metabolickym sydnromem neni zcela osvétlena. Jednim z mechanismt
muize byt pravé hyperglykémie, ktera mize indukovat oxidacni stres a spoustét prozandtlivé
bunééné pochody (Esposito et al. 2002). Jedna z moZnosti, jak experimentdln¢ sledovat vliv
jednotlivych nutrientlije napf. vyvolani akutni hyperglykémie. Cilem studie bylo sledovat efekty

hyperglykémie v tukové tkani a na systémové urovni.
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Metody: Studie byla provedena na 30 obéznich zenidch bez poruchy glukézové tolerance c¢i
hyperlipidémie. 10 zen podstoupilo hyperglykemicky clamp (endogenni produkce inzulinu byla
blokovana infuzi octreotidu), jako kontrolni skupina podstoupilo 10 Zen infuzi octreotidu a 10
zen infuzi fyziologického roztoku po dobu tfi hodin. Pied zapocetim a po ukonceni infuze byla
provedena biopsie podkozni tukové tkané¢ a odbéry krve. Pomoci prutokové cytometrie byly
sledovany zmény v bunéénych populacich imunitnich bunék a jejich aktivace v krvi a v tukové
tkani. Déle byla analyzovana mRNA exprese pomoci qRT-PCR prozanétlivych markera (CCL2,
CCLS5, CXCLI12, IL1B, IL8, TNFa), markeri makrofagi (CD14, CD206, TLR 2, TLR4) and T
lymphocyti (CD3g, CD4, TBX21/Tul, GATA3/Tu2, RORC/Tu17, FoxP3/TrEG).

Vysledky: Akutni hyperglykémie vyvolala zvySeni monocyti/makrofagi charakterizovanych
expresi CD45+/14+ v tukové tkani. Tyto zmény byly nezavislé na obsahu granulocytti v TT (17.8 £
2.3% pted a 17.4 + 1.9% po infuzi). Rezidencni makrofagy exprimujici manosovy receptor CD206
vTT nebyly ovlivnény hyperglykémii. V cirkulaci nedoSlo ke zméndm v obsahu
monocyti/makrofagi. Populace T-lymfocyti (CD45+/3+ «cells; T helper subpopulace
CD45+/3+/4+; T cytotoxické lymfocyty- CD45+/3+/8+) se v cirkulaci nezménily, ale doslo
k nartistu obsahu téchto bunék v TT. Soucasné¢ doslo ke zvysené mRNA exprese prozanétlivych
cytokini (CCL2, TLR4, TNFa) a lymfocytarnich markerd (CD3g, CD4, CD8a, TBX21, GATA3,
FoxP3) v TT (p<0.05). Kontrolni infuze octreotidu ani fyziologického roztoku nevyvolala zadné
z vyse uvedenych zmén v cirkulaci ani v TT.

Diskuze: Hyperglykémie vyvolala prozdnétlivou imunitni reakci vyjadienou zvySenim populace
makrofagii CD45+/14+ v tukové tkéani. Z literatury je zndmo, ze diabetici 2.typu exprimuji
na monocytech vice receptorit TLR2 a TLR4, jakoZto spoustéci prozanétlivé kaskady, ve srovnani

se zdravou populaci (Dasu et al. 2010). Proto jsme tyto receptory analyzovali jak v TT, tak
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v periferni krvi. Populace monocyti CD45+/14+/TLR4+ se pii hyperglykémii zvysila v TT,
nepozorovali jsme zmény v obsahu monocytli CD45+/14+/TLR2+. Tento selektivni efekt
hyperglykémie na monocyty TLR4+ vypovida o mozném efektu glukézy na monocyty v TT.
Potvrdili jsme i1 zvySenou expresi mRNA TLR4 spolecné s TNFo v TT pfi hyperglykémii. Studie
dokladaji, ze sekrece prozanétlivych cytokinti se 1iSi na zdklad¢ aktivace TLR4 nebo TLR2
makrofagi (Jones et al. 2001). A pravée tato cytokinova regulace muze hrat dilezitou roli v migraci
a aktivaci monocytil. Zaroven doslo ke zvyseni populace T-helper a T-cytotoxickych lymfocyta a
zvySeni exprese prozanétlivych cytokinli a markertt T- lymfocytd v TT. Vysledky potvrzuji, ze
kratkodoba hyperglykémie — charakteristicky rys nedobfe kompensované¢ho diabetika - indukuje
zvySeni obsahu monocyti a T- lymfocyti v tukové tkdni a mulze tak pfispivat ke zhorSeni

prozanétlivého stavu tukové tkan€ u obéznich zen.

5.3. Publikace ¢.3:

Postprandialni zanétliva reakce neni asociovana se stresem endoplazmatického

retikula v perifernich monocytech u zdravych §tihlych muzi.

Originalni publikaces obrazky a grafy je ptiloZzena na str. 104

Uvod : Nadmérny pifjem lipidéi a cukri je asociovan s nadmérnou hladinou glykémie a lipidt a
protrahovana elevace téchto metabolitii vyvolava postprandidlni prozanétlivy stav (O'Keefe,
Gheewala, and O'Keefe 2008). Bylo prokézdno, ze bunéénd expozice saturovanym lipidim a
vysokym hladindm glykémie vyvolava stres endoplasmatického retikula (ER stres), ktery mize
regulovat postprandialni zdnétlivou odpovéd’ (Zhang and Kaufman 2008). SniZzeni ER stresu miiZze

potencovat ursodeoxycholovd kyselina (UDCA), kterd se bézné uzivd v terapii cholestazy.
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Ve studii in vitro na bunéénych kulturach byl prokazan jeji efekt na snizeni ER stresu (Berger and
Haller 2011). V nasi praci jsme sledovali efekt postprandidlniho zvySeni MK na zanétlivé parametry
v cirkulaci a jejich vztah se stresem endoplasmatického retikula u 10 zdravych stihlych muza.
Metody: Subjektim byl podan vysokotuény vysokokaloricky pokrm (high fat meal- HFM) -
McDonalds, 6151 kJ (1469 kcal), 32.8% sacharidy, 47.4% tuky, 11.3% bilkoviny. Pied jeho
konzumaci byly muzim podany 2 davky placeba nebo Ursosanu (UDCA — chemicky chaperon
ucinny v blokaci ER stresu). Pred zapocetim experimentu a 4 hodiny po konzumaci HFM byly
odebrany vzorky krve pro provedeni analyzy. Pomoci ELISA a multiplexové imunoanalyzy
na pfistroji Luminex byly stanoveny plasmatické hladiny cytokind (IL-6, IL-8, TNF-a a MCP-1).
Pomoci prutokové cytometrie byly sledovany zmény v bunéénych populacich imunitnich bunék a
jejich aktivace v krvi, dale byla sledovdna mRNA exprese zanétlivych marker a markerti ER stresu
v izolovanych CD14+ a CD14- mononuklearnich perifernich buiikach (PBMC).

Vysledky: HFM indukoval zvySeni vSech populaci leukocytti v krvi - granulocytl, lymfocytl i
monocytl. Z monocytarnich populaci doslo ke zvySeni exprese piedevSim CDI1lc+ na povrchu
monocytll. Soucasné dosSlo v nasi praci ke zvySené mRNA expresi prozanétlivych cytokini IL-6,
IL-1B, IL-8, TNF-o a MCP-1. HFM neovlivnil expresi markera: ER stresu na PBMC. Podéni
ursodeoxycholové kyseliny pied konzumaci HFM neovlivnilo zmény v mRNA expresi zanétlivych
markeril ani markerd ER stresu.

Diskuze: Ve shod¢ s jinymi pracemi jsme zde potvrdili zvySenou mRNA expresi IL-6 1 jeho
zvySenou hladinu v plazmé po HFM. Vlivem HFM byla indukovéana prozanétlivd imunitni reakce
vyjddiend vzestupem exprese prozanétlivych cytokini a zvySenim populaci monocytl
exprimujicich toll-like receptory (TLR2, TLR4) a CD11c. Je zndmo, Ze aktivace téchto receptoril

vede k signalizaci zanétlivé odpovédi a produkci cytokind. Marker CD11c na monocytech je
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povazovan za marker aktivujici adhezi monocyti k endoteliim a jejich potencidlni migraci do tkéni.
Tento fenotyp je povazovan za pro-zanétlivy M1 fenotyp, je ve zvySené mife exprimovan na
monocytech u obéznich subjekti a pozitivné koreluje s insulinovou rezistenci vyjadienou pomoci
indexu HOMA-IR (Wu et al. 2010). Po HFM byla zvysena exprese CD11c¢ na monocytech ve shodé
s literaturou (Gower et al. 2011). Miizeme se domnivat, Ze vysokotukova strava vyvolava zvyseni
exprese tohoto markeru stejné jako u obezity spojené s nadmérnym kalorickym pfijmem. Absence
zmén ukazatelii stresu endoplasmatického retikula (ER stres) po HFM a absence efektu
ursodeoxycholové kyseliny na prozanétlivou odpovéd po HFM nasvédCuji tomu, Ze tato

prozanétlivd odpovéd’ neni zprosttedkovana ER stresem.

5.4. Publikace ¢. 4:

Metformin neinhibuje lipolyzu v tukové tkani béhem cvieni u mladych

zdravych muzi.

Originalni publikace s obrazky a grafy je ptilozena na str. 115.

Uvod: Metformin je efektivni antiadiabetikum prvni volby a je §iroce podavany u prediabetu a
diabetu mellitu 2.typu. OvSem nékteré studie na lidskych adipocytech ukazuji, Ze metformin mtize
mit anti-lipolyticky efekt cestou aktivace AMP-aktivované protein kinasy (AMPK) (Bourron et al.
2010; Zhang et al. 2009). Proto jsme se rozhodli ovétit, zda jednim z negativnich vedlejSich €inka
metforminu miiZze byt inhibice cvi€enim indukované lipolyzy v tukové tkani. Cilem této studie bylo
tedy sledovat anti-lipolyticky efekt metforminu béhem cviceni za standartnich fyziologickych
podminek u zdravych Stihlych muzi. Dale také sledovat farmakokinetiku metforminu v tukové

tkani po p.o. podani.
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Metody: Studii se podrobilo 10 zdravych mladych muza (vek 27.2 + 0.4 let; BMI 23.6 + 0.5
kg/m®), ktefi absolvovali 60 minut jizdy na bicyklovém ergometru. Prvni den v kombinaci s
peroralné podanym metforminem, druhy den s lokalné¢ podanym metforminem do podkozni tukové
tkan¢ mikrodialyzacnim katetrem. Mikrodialyza je metoda, kterou jsme schopni zméfit miru
lipolyzy v podkozni tukové tkani, dale jsme v dialyzatu meftili hladiny laktatu a metforminu pomoci
enzymovych kolorimetrickych kit a kapilarni elektroforézy.
Vysledky: Hladina metforminu v plazmé se kontinualné zvySovala béhem 3 hodin po podani 2550
mg p.o.metforminu a maximalni hladiny bylo dosaZzeno po 3,5 hodinach (koncentrace 4ug/ml).
Podobnou dynamiku dosahovaly hladiny metforminu v dialyzatu ztukové tkané¢ s maximalni
koncentraci 1,3 ug/ml. Mira lipolyzy v tukové tkéni byla méfena jako mnozstvi glycerolu
v dialyzatu. Béhem cviceni se zvysila lipolyza oproti bazalnimu stavu (4.3 nasobné + 0.5 vs. basal;
p = 0.002) a nedoSlo k supresi po podani p.o. ani lokdIn¢ podaného metforminu. Hladina laktatu
rostla béhem cviceni v plazmé 1 v dialyzatu po 30-ti a 60-ti minutach cviceni (3.6 nasobn¢ vs. basal,
p = 0.015; 2.75 nasobné¢ vs. basal; p = 0.002). Metformin nemél efekt na hladinu laktatu béhem
cviceni.

Diskuze: V této studii jsme demonstrovali, ze metformin je distribuovan v podkozni tukové tkéani
po peroralnim podéani 2550mg a nevykazuje inhibi¢ni efekt na lipolyzu aktivovanou jednordzovym
télesnym cvicenim u zdravych muza. Jiné publikace prokazuji, Ze metformin inhibuje
katecholaminy-stimulovanou a ANP-stimulovanou lipolyzu cestou aktivace AMPK. Nicmén¢ tyto
efekty byly studovany in vitro a koncentrace metforminu byla cca 200x vyssi, nez jakou jsme
detekovali v dialyzatu z tukové tkéné v této studii. /n vivo jsme pouzili koncentraci metforminu
v perfuzatu podobné jako v publikaci Flechtner-Mors (Flechtner-Mors et al. 1999). Nicmén¢ v nasi

praci nebyla prokdzana inhibice lipolyzy metforminem béhem cviceni. Na§ protokol predstavuje
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fyziologickou a vice komplexni cestu stimulace lipolyzy, navic je proveden u stihlych muzi, kdezto
ve studii Flechter-Mors (Flechtner-Mors et al. 1999) byli zavzaty morbidné obézni Zeny. Pouzili
jsme intenzitu cvi¢eni optimdlni v modelu stimulace lipolyzy (Moro et al. 2007), obdobnou
intenzitu cviceni jsme volili i v pfedchozich studiich zaméfenych na regulaci lipolyzy béhem
cviceni (Stich, de Glisezinski, Berlan, et al. 2000), (Stich, De Glisezinski, Crampes, et al.
2000).V regulaci lipolyzy béhem cvi¢eni mize hrat roli velkd Skala regulatorii a signalnich drah
jako jsou napf. cytokiny IL-6, IL-15 (Ajuwon and Spurlock 2004), insulin nebo FGF21 (Hotta et al.
2009). Metformin nékteré ztéchto drah ovliviluje, je schopen inhibovat IL-6 a inzulinovou
signalizaci (Li et al. 2014; Kisfalvi et al. 2009). Role AMPK béhem cvi¢enim stimulované lipolyzy
neni jednozna¢na (Gaidhu and Ceddia 2011), a proto je potieba dal§i studium detailnich efektt
metforminu nejen na AMPK, ale 1 jiné signaliza¢ni drahy béhem fyziologickych podminek jako je
cviceni. Z nasi publikace vyplyva, ze metformin nehraje z4sadni roli v mobilizaci lipidi béhem

cviceni.

CAST B: Dietni intervence

5.5. Publikace C. 5:
Exprese lipolytickych genii v tukové tkani je rozdilné regulovana béhem
jednotlivych fazi dietni intervence u obéznich Zen.

Originalni publikace s obrdzky a grafy je pfiloZena na str. 123

Uvod: V této studii jsme sledovali efekt jednotlivych fazi 6-ti mésiéni dietni intervence na expresi

genil regulujicich lipolyzu a vyvoj inzulinové rezistence. Porucha regulace lipolyzy je jednim
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z mechanismtl podilejicich se na rozvoji inzulinové rezistence (Reynisdottir et al. 1994). S obezitou
je spojena jak zvySend mira bazélni lipolyzy (Ryden and Arner 2017), tak porucha regulace

katecholaminy-indukované lipolyzy v TT (Reynisdottir et al. 1995).

Metody: Studii absolvovalo 15 obéznich Zen (BMI 34.7 + 1.0 kg/m®), které podstoupily 6-ti
mésic¢ni dietni intervenci sklddajici se z 1 mésice velmi piisné nizkokalorické diety (VLCD),
nasledované 2-mi mésici nizkokalorické diety (LCD) a dale 3-mi mésici udrZzeni hmotnosti.
Pted zacatkem intervence a po skonceni jednotlicych fazi byla provedena jehlova biopsie podkozni
tukoveé tkané€ z oblasti biicha a proveden hyperinsulinemicky euglykemicky clamp ke zhodnoceni
inzulinové citlivosti. Ze vzorkl tukové tkan€ byly analyzovany mRNA exprese genti regulujicich
lipolyzu — adrenergni B2 receptor (ADRB2), adrenergni a2A receptor (ADRA2A), adipose-
triglycerid lipaza (ATGL), hormon-senzitivni lipdza (HSL), phosphodiesterasa-3B (PDE3B) a

insulinovy receptor (INSR).

Vysledky: Dietni intervence vedla ke sniZzeni hmotnosti o 9,8%, které bylo dano predevSim
ubytkem tukové hmoty. Na konci dietni intervence doSlo ke snizeni plasmatickych hladin
triglyceridl, snizeni hladiny bazalniho inzulinu a ke zlepSeni inzulinové citlivosti méfené metodou
clampu. Exprese mRNA adrenergniho B2-receptoru v TT signifikantné vzrostla na konci VLCD a
navratila se k bazalnim hodnotam béhem LCD a ve fazi udrzeni hmotnosti. Exprese adrenergniho
a2 receptoru se signifikantné snizila na konci VLCD a LCD a k pivodnim hodnotam se vratila
béhem fize udrzeni hmotnosti. Exprese HSL a ATGL byla ovlivnéna podobné: doslo
k signifikantnimu sniZeni na konci LCD a k plivodnim hodnotdm se vratila béhem faze udrZeni
hmotnosti. Na konci VLCD byla nizsi exprese ATGL, ale rozdil nebyl statisticky vyznamny
(p=0.076). Exprese fosfodiesterazy — 3B a insulinového receptoru se béhem jednotlivych fazi dietni

intervence nezmeénila.
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Diskuze: Vysledky této studie demonstruji, Zze multi-fAizova dietni intervence modifikuje expresi
genl regulujicich lipolyzu v TT. Tyto poznatky se shoduji s piedchozimi studiemi, které dokazuji,
ze exprese genu regulujicich metabolismus a imunitni funkce jsou zavislé na fazi dietni intervence
(Vitkova et al. 2007), (Kovacikova et al. 2011). Hlavni roli vregulaci lipolyzy v TT hraji
katecholaminy. Prokézali jsme zvySeni mRNA exprese f2-adrenergniho receptoru na konci VLCD,
v souladu s diivéjsi praci prokazujici zvyseni lipolytické odpovédi po B2-adrenergni stimulaci za 4
tydny VLCD (Stich et al. 1997). Exprese lipolytického genu B2-adrenergniho receptoru byla up-
regulovana na konci VLCD, zatimco exprese ap-adrenergniho receptoru (zprosttedkovavajiciho
anti-lipolyticky efekt) byla down-regulovana na konci VLCD a LCD. Ve fazi udrZzeni hmotnosti se
exprese mRNA adrenoreceptort vratily zpét k bazalnim hodnotam. Vysledky jsou ve shod¢ s nasi
diivéjsi studii, v niZ bylo metodou mikrodialyzy TT zjiSténo sniZené ap-adrenergni anti-lipolytické
pusobeni na konci VLCD a LCD (Koppo et al. 2012). Lze shrnout, ze exprese genti regulujicich
lipolyzu je ovlivnéna jednotlivymi fazemi dietni intervence, liSicimi se trvanim a energetickou

bilanci: tyto faktory jsou tedy dulezitymi determinantami této metabolické regulace.

5.6. Publikace ¢C. 6:
Porovnani ¢asné (2 dny) a pozdni (28 dnii) odpovédi tukové tkané na velmi

nizkokalorickou dietu u obéznich zen.

Originalni publikace s obrazky a grafy je pfilozena na str. 133.

Uvod: V této studii byl sledovan vliv 2-denni a 28-mi denni velmi nizkokalorické diety (VLCD) na

prozéanétlivy stav organismu a tukové tkané. Dvoudenni piisna kalorickd restrikce byla v této studii
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modelem intervence, kterd vede ke zvySeni hladin cirkulujicich MK (v disledku stimulace
lipolyzy) bez poklesu télesného tuku. Pfipadné zmény v tukové tkdni mohou tak byt pokladany za
disledek zvySeni hladin volnych MK bez interferujiciho vlivu zmény mnozstvi télesného tuku, resp.
zmény rozméru adipocyti. Dvoudenni efekty byly srovnany s dlouhodobéjsi (28 denni) intervenci,

ptiniz dochdzi k jiz vyznamné redukci télesného tuku.

Metody: Studie se zucastnilo 17 obéznich 7en (BMI 32.7 + 0.9 kg/m®), které po dobu 28 dni
dodrZovaly ptisnou nizko-kalorickou dietu (VLCD; 500kcal/ den). Pfed zapocetim diety, po 2
dnech a po 28 dnech VLCD byla provedena jehlova biopsie podkozni tukové tkdné z oblasti biicha
a byla analyzovéna sekrece cytokint/adipokinli z explantl tukové tkané€ a jejich cirkulujici hladiny
(IL-6, IL-8, IL-10, MCP-1, TNF-a, leptin). Dale byla ve vzorcich tukové tkan€ analyzovana genova
exprese markerti lipidového metabolismu (SCD1, FASN, DGAT, PPARy, HSL, ATGL, CD36), a

cytokinl/adipokini (IL-6, IL-8, IL-10, MCP-1, TNF-o, leptin).

Vysledky: Dle o¢ekavani doslo po 2 dnech VLCD ke zvySeni plasmatickych hladin MK, které
pietrvavalo az do 28. dne diety. Insulinova resistence hodnocend HOMA-IR indexem byla, ve
srovnani s basalnim stavem, sniZena jiz po 2 dnech intervence a snizena zustala i po 28 dnech. Po 2
dnech VLCD bylo pozorovano zvyseni exprese lipolytickych enzymt (HSL, ATGL), po 28 dnech
doslo k jejich poklesu na bazalni hodnoty. Po 2 dnech VLCD se zvysily hladiny cirkulujicich
cytokint (IL-6, MCP-1), po 28 dnech se hodnoty vratily k basalnimu stavu pied dietou. Sekrece a
mRNA exprese cytokinll v tukové tkani nebyla po 2 dnech zménéna, vzestup sekrece a exprese

cytokinli (IL-6, MCP-1, TNF-a) v tukové tkdni byl pozorovan po 28 dnech VLCD.

Diskuze: Vysledky nasvédcuji tomu, ze kratkodob4a 2-denni kaloricka restrikce a soucasna

mobilizace MK v tukové tkani nevede k indukci prozanétlivého stavu v tukové tkani. Naproti tomu,
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po 28 dnech diety — tedy jiz za podminek redukce mnozstvi télesného tuku - byl prozanétlivy stav
Po delsi VLCD tedy dochazi v tukové tkani k indukci zanétlivych zmén, které pravdépodobné
souvisi s remodelaci tkané¢ samotné (jejiz soucCdsti je zmenseni objemu adipocytl, zmény
v infiltraci/polarizaci makrofagli, zmény stupné¢ fibrosy, stupné prokrveni aj.). Vysledky jsou
zajimavé v kontextu soucasnych diskusi o mechanismech zlepSeni metabolického stavu
pozorovaného u jedinct v ¢asnych fazich po bariatrickém vykonu. Déle vysledky ptinesly zajimavé
poznatky o regulaci lipolyzy a lipogeneze: zmény lipolytickych i lipogennich genti a jejich
regulatorit PPARy po 2 dnech 1 po 28 dnech VLCD korelovaly se zménami exprese a sekrece
leptinu v tukové tkani; zmény lipogennich a lipolytickych genti béhem 28 dntt VLCD korelovaly
negativné se zmeénou plasmatickych hladin FGF21. Tento faktor produkovany jatry je uvoliovan
zejména pii dlouhodobéjsim hladovéni (Emanuelli et al. 2014). Korelacni vysledky nasvédcuji
vyznamné roli leptinu a FGF-21 v regulaci zmén tokt lipidi béhem ptisné kalorické restrikce. Role
FGF21  vtukové tkdni je  pravdépodobné v potlaCeni lipolyzy a  lipogenese

pii nedostateCném piisunu zivin a tak Setfeni substratl pii dlouhodob¢jsim hladovéni.

62



6. ZAVERY A DISKUZE

Obezita je charakterizovand zvySenou akumulaci tukové tkané a je spojena se zvySenym
rizikem vzniku metabolickych poruch vedoucich k inzulinové rezistenci a nasledné diabetu mellitu
2.typu, kardiovaskularnim a nadorovym onemocnénim (Lengyel et al. 2018; Pistollato et al. 2018).
Mechanismy zprostfedujici vztah mezi obezitou a jejimi komplikacemi nejsou stale zcela ziejmé,
nicméné jejich poznani je zdsadni pro prevenci a lécbu obezity a nasledné také prevenci jejich
komplikaci.

Moznym pojitkem mezi obezitou a chorobami s ni spojenymi je dysfunkce tukové tkané€ projevujici
se jak na urovni metabolismu tukovych bunék (lipolyza a lipogeneze), tak na trovni endokrinni ¢i
imunitni. Dysfunkce na Grovni imunitni je vyjadiena prozanétlivym stavem tukové tkané, ktery se
podili na vzniku prozanétlivého stavu na Urovni celého organismu. Mezi poruchami na vyse
zminénych urovnich existuje izké souvislost: napi. metabolicka porucha spocivajici ve zvySeném
uvoliovani mastnych kyselin v procesu lipolyzy v adipocytech vyvolava zménu v endokrinni funkci
samotnych adipocytil a v atrakci imunitnich bunék z cirkulace do TT. Néasledné se zvySuje produkce
prozanétlivych ptisobkii jak v migrujicich imunitnich bunkéch, tak v adipocytech samotnych
(Kosteli et al. 2010). Soubor hypertroficky adipocyt + zvySena piitomnost imunitnich bunck +
jejich prozanétlivy fenotyp + fibrosa tukové tkané€ tvoti zakladni charakteristiky dysfunkcni tukové
tkan¢ u obézniho jedince.

Cilem této dizertacni prace je ptispét k pochopeni mechanismi a regulacnich pochodu, které
zprosttedkovavaji spojeni mezi zvySenymi hladinami nutrientd (glukéza a mastné kyseliny) a
prozéanétlivym stavem organismu u obéznich jedinclii. K dosazeni vys$i hladiny nutrientd jsme
zvolili bud’ podani exogenni (lipidy, gluk6za ¢i vysokotukovy pokrm) nebo indukci endogenni pii

dietni intervenci ¢i fyzické zatéZi. Studie si kladly za cil objasnit nékteré z mechanismi, jimiz
63



nutriéni podnéty vyvolavaji metabolické poruchy u obéznich jedinci a pfispét tak k poznani

rizikovych faktorl vyzivy a tim i k G€innéj8i prevenci a 1é¢be obezity v budoucnu.

V prvni ¢asti této prace byla sledovana akutni reakce imunitnich bun¢k na experimentalné zvysené
hladiny nutrientd. V publikaci €. 1 jsme se vénovali vlivu hyperlipidémie a lipotoxicity na zanétlivé
a proaterogenni charakteristiky v tukové tkéani i cirkulaci. Zvolenym modelem bylo vyvolani
hyperlipidémie exogennim podanim lipidi infuzi 20% Intralipidu. Ukazali jsme, Ze parenteralni
s metabolickym syndromem, vyvolava aktivaci proaterogennich zmén v cirkulaci, kdy monocyty
ziejmé adheruji k endotelu cévni stény, coz je v souladu s dosavadnimi poznatky (den Hartigh et al.
2014; Motojima et al. 2008). Soucasn¢ dochazi ke zvySeni hladin adheznich molekul v cirkulaci
(sICAM, sVCAM). Vysledky mohou nasvédcovat tomu, Ze hyperlipidémie vyvolava oxidacni stres
a endotelidlni dysfunkci, v souladu s praci Gowera at al. (Gower et al. 2011). Prozanétlivé zmény
byly patrné i v tukové tkani. Osvétlen byl tak jeden z mechanisml lipotoxicity: expozice akutni
hyperlipidémii piisobi u obeznich Zen proaterogenni zmény na trovni cirkulace a prozanétlivé
zmény v tukové tkéani a na systemové arovni.

V publikaci ¢. 2 jsme jako model mozného toxického plisobeni glukozy - tj. glukotoxicity - zvolili
kratkodoby hyperglykemicky klemp tj. hyperglykémii navozenou parenteralnim podanim exogenni
gluk6zy. Hyperglykémie vyvolala prozanétlivou imunitni reakci vyjadienou zvySenim populace
makrofdgi v TT. Zarovenn doslo ke zvySeni populace T-helper a T-cytotoxickych lymfocyti a
zvySeni mRNA exprese markeri T-lymfocytd v TT. Vysledky potvrzuji, ze kratkodoba
hyperglykémie indukuje prozanétlivou reakci v tukové tkani a mize tak pfispivat ke zhorSeni

prozanétlivého stavu u populaci jak s vyssi lacnou, tak s postprandidlné zvysenou glykémii napft.
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u obéznich jedinci s prediabetem. Vysledky jsou dalSim elementem potvrzujicim fenomén
glukotoxicity a nasledné 1 dilezitost dostatecné kompenzace hladin glykémie u pacientl
s prediabetem a diabetem mellitem 2.typu.

V publikaci ¢. 3 jsme studovali vliv hyperlipidémie v kontextu vzniku zanétlivého stavu tukové
tkan¢. Tentokrat bylo zvySené hladiny lipidi dosazeno podanim vysokotukového
vysokokalorického pokrmu (HFM). Tento pokrm vyvolal postprandidlni leukocytozu a
prozanétlivou reakci detekovanou v krevnich monocytech. Hypotéza o tom, Ze podkladem
prozanétlivé reakce je stres endoplasmatického retikula (ER stres) vSak potvrzena nebyla.
Ukazatelé ER stresu nebyly po podani HFM zménény, ani podani inhibitoru ER stresu neprokazalo
zadny efekt na sledované parametry. Tato studie doklada lipotoxické plisobeni vysokotukového
pokrmu a potvrzuje dulezitost dietnich doporuceni a osvéty jako vyznamného faktoru prevence

metabolickych onemocnéni.

V dalsi publikaci €.4 jsme k dosazeni zvySené hladiny volnych MK zvolili model aktivace lipolyzy
kratkodobou pohybovou aktivitou. Metformin je Siroce pouzivany 1ék prvni volby u prediabetu a
diebetu 2.typu a bylo prokazano, ze vykazuje anti-lipolyticky efekt (Bourron et al. 2010; Zhang et
al. 2009). Znalost jeho ptisobeni na TT béhem cviceni je zdsadni pro preskripci pohybové aktivity u
prediabetikli a diabetikii jako soucast prevence i 1écby. Proto jsme testovali hypotézu, zda
metformin muize inhibovat cvi¢enim indukovanou lipolyzu v tukové tkani. Origindlnim
metodickym piinosem prace bylo sledovani distribuce metforminu v podkozni TT metodou
mikrodialyzy. Hypotézu o inhibici lipolyzy béhem cviceni jsme nepotvrdili. Metformin tedy nehraje
zasadni roli v mobilizaci lipidd béhem cviceni a pozitivni vliv cviceni na redukci tukové hmoty neni
metforminem negativné ovlivnén. Vysledek je tak pfinosem pro preskripci pohybové aktivity jako
soucast prevence a lécby prediabetu a diabetu mellitu 2. typu.
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Ve druhé c¢asti této dizertacni prace bylo snahou prohloubit znalosti o pozitivnich efektech
redukce hmotnosti jakozto zdkladnim preventivnim i IéCebném opatfenim obezity a jejich
komplikaci. V publikaci €. 5 jsme prokazali, Ze mira a regulace lipolyzy béhem redukéniho rezimu
je zavisla na mife a dobé trvani kalorické restrikce. Ukézali jsme, ze ve zménach lipolyzy béhem
kalorické restrikce hraje pravdépodobné roli rozdilnd exprese geni spojenych s adrenergni
demonstrovana zména v adrenergni regulaci lipolyzy béhem dietni intervence pomoci in vivo
mikrodialyzy tukoveé tkdné (Koppo et al. 2012). V souladu s klinickou zkuSenosti tato regulace
pravdépodobné¢ souvisi s vyraznou redukci tukové hmoty vprvnim mésici podavani
nizkoenergetickych diet a adaptaci na nizkoenergeticky rezim v dalSich fazich, dale také souvisi se
zéavislosti redukce tukové hmoty na mife kalorické restrikce.

V publikaci €. 6 jsme sledovali zmény Sir$iho spektra metabolickych a endokrinnich charakteristik
TT pii velmi kratkém — dvoudennim - plsobeni vyrazné kalorické restrikce. Tato situace je
vhodnym modelem ke sledovani ptisobeni kalorické restrikce per se tj. bez privodni redukce tukové
tkdn€. Z publikovanych studii i1 z klinickych zkuSenosti je znamo, Ze k metabolickym zménam
po bariatrickych intervencich dochazi jiz v prvnich dnech po zakroku (Bojsen-Moller et al. 2014),
ovSem podklad téchto zmén neni stale zfejmy. V nasi studii byly zmény v TT po dvou dnech
kalorické restrikce srovnany se zménami po 28 denni intervenci, pii niz dochazi k jiz vyznamné
redukci télesného tuku. V naSem souboru doslo jiz po dvou dnech kalorické restrikce ke snizeni
inzulinové rezistence hodnocené indexem HOMA-IR. Na trovni TT vysledky ukézaly, Ze jiZz po 2
dnech byla zvySena exprese genl podilejicich se na regulaci lipoyzy v TT, na druhé stran€ po dvou
dnech diety nedoSlo k indukci prozénétlivého stavu v TT, zatimco po 28 dnech diety byl

prozanétlivy stav TT spiSe zvySen. Tyto vysledky naznacuji, Ze v dynamické fazi vyrazné kalorické
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restrikce mohou byt charakteristiky zanétlivého stavu z¢asti determinovany remodelaci tukové
tkané: zmenSenim adipocytli, zménami v infiltraci ¢i polarizaci makrofagl, stupném fibrézy a
prokrvenim TT. Nase ptedchozi studie (Capel et al. 2009b; Vitkova et al. 2007) ukazaly, Ze ke
zlepseni prozanétlivého stavu TT v souvislosti s redukei tukové hmoty je tfeba rezimt trvajicich
alesponl 3 mésice, obsahujici nejlépe i1 fazi urzeni hmotnosti. V téchto studiich bylo téz ukazano, ze
zmény v zanétu tukové tkané nejsou jedinou determinantou zlepseni metabolického stavu obezniho

jedince pti dietnich intervencich.

Lze shrnout, ze na zadklad¢ analyz U¢inkG kratkodobych intervenci byla potvrzena hypotéza
o toxickém prozanétlivém plsobeni jak zvySenych hladin glukézy (napt. u prediabetiki a
diabetiktl), tak zvySenych hladin volnych MK (charakteristické pro obézni jedince) na trovni TT 1
celého organismu. Nizkoenergeticka dieta zlepSuje metabolicky stav organismu obézniho jedince
Jiz po n€kolika dnech trvani, nicméné toto metabolické zlepSeni neni asociovano s odpovidajicimi
zménami v ukazatelich prozanétlivého stavu tukové tkané. Pro toto zlepSeni je tfeba intervenci
dlouhodobéjsich. Kalorickd restrikce ovlivnila vyznamé mechanismy regulace lipolyzy TT, coz
muze byt podkladem pozitivnich zmén spojenych s redukci hmotnosti.

Vysledky studii zahrnutych v této praci piispély k pochopeni regulace vzniku prozanétlivého stavu
organismu a ulohy energetického pfijmu i hladiny zakladnich makronutrientii v tomto procesu.
Dalsi vyzkum funk¢nich zmén na trovni tukové tkané je nadale nezbytny k pochopeni mechanismt

a dalsi implikace pro preventivni a 1é¢ebna doporuceni.
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Background: Obesity represents a high risk factor for the development of atherosclerosis and is associ-
ated with a low-grade inflammation and activation of immune cells.
Aims: The aim of our study was to investigate the effect of a short-term lipid infusion on immune cells in
blood and subcutaneous abdominal adipose tissue (SAAT) in obese women.
Methods: Seven-hour intravenous lipid/control infusions were performed in two groups of women
(n = 15, n = 10, respectively). Before and at the end of the infusion, SAAT and blood samples were
obtained and relative content and phenotype of immune cells were analyzed using flow cytometry.
Analysis of immune cell markers, inflammation and angiogenesis markers was performed in SAAT by RT-
PCR and in plasma by immunoassays.
Results: Relative content of CD45+/14+ and CD45+/14+/16+ populations of monocytes was reduced in
circulation by 21% (p = 0.004) and by 46% (p = 0.0002), respectively, in response to hyperlipidemia,
which suggested the increased adhesion of these cells to endothelium. In line with this, the levels of
sICAM and sVCAM in plasma were increased by 9.4% (p = 0.016), 11.8% (p = 0.008), respectively. In SAAT,
the relative content of M2 monocyte/macrophages subpopulation CD45+/14+/206+/16+ decreased by
27% (p = 0.012) and subpopulations CD14+/CD206— and CD14/+TLR4+ cells increased (p = 0.026;
p = 0.049, respectively). Intralipid infusion promoted an increase of mRNA levels in SAAT: RORC (marker
of proinflammatory Th17 lymphocytes) by 43% (p = 0.048), MCP-1 (78%, p = 0.028) and VEGF (68.5%,
p = 0.0001).
Conclusions: Acute hyperlipidemia induces a proinflammatory and proatherogenic response associated
with altered relative content of immune cells in blood and SAAT in obese women.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction activate classical inflammatory responses in immune cells and to
regulate secretion of proinflammatory cytokines in several types of
cells [3,4]. The ability of lipids to activate proinflammatory re-

sponses was documented also in vivo in humans upon the post-

Obesity represents a high risk factor for the development of
cardiovascular diseases and atherosclerosis. The common feature of

these complications is a low-grade inflammation and activation of
immune cells. It was proposed that one of the triggers of these
proinflammatory processes are circulating free fatty acids (FFA) and
triglycerides (TG) [1,2]. Lipids, namely saturated FFA, were found to
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prandial increase of lipid metabolites: the consumption of high-fat
meal was accompanied with an increase of proinflammatory
cytokine plasma levels [5,6] and increased circulating leukocyte
counts [7,8]. Importantly, the postprandial increase of circulating
lipids (TG, FFA) as well as the signs of systemic postprandial in-
flammatory response were more pronounced in obese [9,10].
Effects of FFA on cells can be mediated through binding to the
receptors/sensors, such as toll like receptor 4 (TLR4) and fatty acid
translocase (CD36), that control inflammatory signaling pathways
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[2,11]. Indeed, in humans, increased circulating levels of FFA were
associated with increased expression of CD36 on monocytes, which
led to lipid accumulation in these cells [12]. Such a lipid overload
caused monocytes to form foam cells that are implicated in the
development of atherosclerosis [13]. Atherosclerosis is now, simi-
larly as obesity, widely accepted as a low-grade chronic inflam-
matory disease. It is initiated by the dysfunction of the vascular
endothelium and followed by the activation and recruitment of
circulating leukocytes to sites of endothelial damage [14,15].

However, the effects of lipids on immune processes within the
adipose tissue (AT) are known only partially. Saturated FFA may
induce an increased expression of proinflammatory cytokines in
adipocytes similarly as was shown in immune cells [16]. In vivo in
rats, the postprandial increase of mRNA expression of IL-6 and NF-
kB activation in AT was observed after high-fat meal [17]. Moreover,
FFA appeared as an important driver of macrophage accumulation
in AT in mice [18]. In humans, it was documented that postprandial
triglyceridemia increased levels of soluble cell adhesion molecules
(sICAM, sVCAM), which may regulate the infiltration of monocytes
to the endothelium [19,20] and potentially recruitment to AT
[17,18].

Based on these studies, we hypothesize that acute elevation of
systemic lipid levels may modify proinflammatory characteristics
of AT, and so worsen the AT dysfunction and contribute to proa-
therogenic changes in metabolically healthy obese women. Thus,
the aim of the current study was to investigate whether the acute
experimentally-induced hyperlipidemia modifies the relative con-
tent and phenotype of immune cells, and other immunity-related
features in subcutaneous adipose tissue (SAAT) and in circulation
in obese women.

2. Materials and methods
2.1. Subjects

Seventeen obese healthy premenopausal women were
sequentially recruited by referral from obesity consultations at the
University Hospital Kralovské Vinohrady and by local obesity-
management organizations (STOB). Subjects were randomly
divided into two groups: the intervention group with Intralipid
infusion (n = 15, age 43 + 7 year, BMI 31.4 + 2.7 kg/m?) and the
control group with infusion of glycerol (n = 10, age 44 + 6 years,
BMI 31.6 + 3.4 kg/m?). Exclusion criteria were weight changes of
more than 3 kg within the 3 months before the study, hypertension,
impaired fasting glucose, diabetes, hyperlipidemia, drug-treated
obesity, smoking, drug or alcohol abuse, irregular menstrual cy-
cle, pregnancy or participation in other studies. All individuals in
the two groups of subjects showed the “metabolically healthy
obese” phenotype [21,22], i.e. they did not meet the criteria of
metabolic syndrome as defined by International Diabetic Federa-
tion. The two groups were homogenous from this point of view. All
the subjects were non-smokers, sedentary, did not take any med-
ications and did not suffer from any disease except for obesity. All
subjects were fully informed about the aim and the protocol of the
study and signed an informed consent approved by the Ethical
committee of the Third Faculty of Medicine (Charles University in
Prague, Czech Republic).

2.2. Experimental protocol

The subjects entered the laboratory at 7.00 a.m. after an over-
night fast. A complete clinical investigation was performed,
anthropometric parameters were measured and body composition
was determined with multifrequency bioimpedance (Bodystat
QuadScan 4000; Bodystat Ltd., Isle of Man, British Isles).
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Subsequently, the subjects were placed in a semi-recumbent po-
sition and a catheter was placed in the antecubital vein. To increase
plasma FFA and TG concentration intravenous infusion of lipid
emulsion (Intralipid 20%) was applied. Intralipid 20% (Fresenius
Kabi, Bad Hamburg, Germany) consists of soya-bean oil (20%) sta-
bilized with egg yolk phospholipids (1.2%) and glycerol (2.5%). The
fatty acid composition was as follows: palmitic acid 11.3%, stearic
acid 4.9%, oleic acid 29.7%, linoleic acid 46.0% and linolenic acid
8.1%. The infusion of Intralipid 20% was administered through
cannula at a rate 60 ml/h for one hour and then it was continued at
constant rate 90 ml/h for following six hours.

In the control group, saline infusion with 2.5% glycerol was
administered at the same rate for seven hours.

Before the start of infusions and every 60 min during infusions
venous blood was collected into 50 ul of an anticoagulant and
antioxidant cocktail (Immunotech SA, Marseille, France) and
immediately centrifuged (1300 rpm, 4 °C). The plasma samples
were stored at —80 °C until analyses.

The needle biopsies and 2 ml of uncoagulated blood samples
were taken 30 min before the start of the experimental infusions
and 15 min before the end of infusions. Needle biopsies of SAAT
were obtained approximately 10—15 cm laterally to the umbilicus
under local anesthesia (1% Mesocain, Zentiva, Prague, Czech Re-
public), as previously described [23]. Approximately 1 g of SAAT
was used for isolation of stroma-vascular fraction (SVF). SVF and
2 ml of venous blood were used for flow cytometry analyses. An
aliquot of SAAT (approx. 0.2 g) was immediately frozen in liquid
nitrogen and stored at —80 °C until gene expression analysis.

2.3. Determination of plasma levels of biochemical parameters

Homeostasis model assessment of the insulin resistance index
(HOMA-IR) was calculated as follows: ((fasting insulin in mU/
1) x (fasting glucose in mmol/1)/22.5). Plasma levels of FFA and TG
were measured using enzymatic colorimetric kits (Randox, Crum-
lin, UK). The concentrations of VEGF-A, and MCP-1 in plasma were
measured by ELISAs (eBioscience, San Diego, USA; R&D Systems,
Minneapolis, USA). The concentrations of sVCAM, sICAM, IL-8, IL-6,
and TNFo were measured by multiplex immunoassays (Milliplex
Cardiovascular disease panel HCVD2MAG and High sensitivity T-
Cell panel HSTCMAG, Merck-Millipore, USA). The intra-assay co-
efficients of variation for individual immunoassays obtained in our
laboratory were: VEGF-A 7.5%, MCP-1 7.1% IL-8 3.6%, IL-6 5.3%, and
TNFa 3.3%, sVCAM 2.7%, sICAM 5.8%. Plasma levels of other pa-
rameters were determined using standard clinical biochemical
methods.

2.4. Isolation of SVF cells

SAAT was washed with saline, minced into small pieces and
digested with type I collagenase (SERVA, Heidelberg, Germany) for
1 h in 37 °C shaking water bath and subsequently centrifuged at
200 g for 10 min and filtered through 100- and 40-pum sieves to
isolate SVF cells.

2.5. Flow cytometry analyses

The whole blood and isolated SVF cells were analyzed imme-
diately after isolation for flow cytometry analyses as described
before [7]. Briefly, SVF cells were resuspended to final concentra-
tion 10° cells/ml in PBS solution containing 0.5% BSA and 2 mmol/1
EDTA and 100 pl of this suspension was incubated with
fluorescence-labelled monoclonal antibodies (FITC-conjugated
antibody CD14, CD16, CD4; PE-conjugated antibody CD14, TLR4,
CD3, CD36; PerCP-conjugated CD45 antibody and APC-conjugated
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antibodies CD206 and CD8) or the appropriate isotype controls (BD
Bioscience, Bedford, MA, USA; Exbio, Prague, Czech Republic) for
30 min at 4 °C.

The whole blood samples were stained with the same set of
fluorescence-labelled monoclonal antibodies as used for SVF cells
for 30 min at room temperature. After cell staining, erythrocytes
were lysed by erythrocyte lysis buffer for 15 min at room temper-
ature. Cells were washed with PBS and analyzed on FACS Calibur
flow cytometer and CellQuest Pro Software (BD Biosciences, Bed-
ford, MA, USA). The number of immune cell populations was
expressed as percentage of gated events. Background was set up to
5% of positive cells of isotype control.

2.6. Gene expression analysis

Total RNA extraction and reverse transcription were performed
as previously described [7]. Before reverse transcription, genomic
DNA was eliminated by DNase I (Invitrogen, Carlsbad, CA, USA).
Real-time quantitative PCR (RT-qPCR) was performed using an ABI
PRISM 7000 Sequence Detection System (Applied Biosystems,
Foster City, CA, USA). Primers and TagMan probes were obtained
from Applied Biosystems. Results are presented as fold change
values calculated by the AA Ct method normalized to endogenous
control GUSB.

2.7. Statistical analyses

Statistical analysis was performed using GraphPad Prism 6
(GraphPad Software, Inc., San Diego, California, USA). Differences of
baseline clinical data between the two groups of patients were
assessed using nonparametric Mann-Whitney rank test for un-
paired observations. The effect of Intralipid infusion or control
infusion on biochemical, gene expression and flow cytometry-
derived variables was assessed using a nonparametric Wilcoxon
matched-pairs signed rank test. The relative changes of variables
(fold change) during Intralipid infusion compared to control
experiment were analyzed using Mann-Whitney rank test. Corre-
lations between anthropometric data and flow cytometry variables
were analyzed using Spearman's correlation. Data are presented as
mean + SD. Differences at the level of p < 0.05 were considered
statistically significant.

3. Results

3.1. Subject characteristics and levels of free fatty acids and
triglycerides during the experimental infusions

The anthropometric and biochemical data of subjects partici-
pating in the interventions are shown in Table 1. There were no
significant differences in anthropometric and metabolic indices
(including fasting blood glucose, plasma insulin levels, HOMA-IR,
cholesterol, FFA and TG) between Intralipid and control group.
Lipid infusion resulted in a continuous significant increase of
plasma levels of FFA and TG (p < 0.001). In control intervention, no
changes in FFA and TG levels compared to basal levels were
observed (Fig. 1).

3.2. Effect of lipid infusion on monocyte/macrophage content in
blood and SAAT of obese women

Monocyte/macrophage content was identified by CD45+
(common leukocyte antigen) and CD14+ (co-receptor of Toll like
receptor 4, TLR-4) markers. Two populations of monocytes/mac-
rophages were distinguished by CD16 expression (Supplemental
Fig. 1). In blood, lipid infusion reduced the relative content of
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whole monocyte population and CD16+ monocytes by 21%
(p =0.004) and by 46% (p = 0.0002), respectively (Fig. 2A). In SAAT,
the relative content of total and CD16+ monocyte/macrophage
population was not significantly changed (Fig. 2B). The relative
content of M2 resident macrophages-CD206+ and CD206+/CD16+
populations - were reduced by 29% and 27% (p = 0.02; p = 0.012),
respectively (Fig. 2B), while the subset of non-resident CD206—
cells was increased by 44% (p = 0.026) (Fig. 2B). Moreover, the
subset of monocytes/macrophages expressing TLR4+ was
increased by 27% (p = 0.049) in SAAT. Control infusion did not exert
any effect on monocyte/macrophage content in SAAT (data not
shown).

3.3. Effect of lipid infusion on T-lymphocyte content in peripheral
blood and SAAT of obese women

T-lymphocytes were identified by the combination of general
leukocyte and T-cells marker CD45+/CD3+ (Supplemental Fig. 1).
The total T-cells population in blood was increased in response to
lipid infusion (p = 0.03) (Fig. 2A). This increase was associated with
arise of T-helper (Ty) CD4+ cells sub-population by 24% (p = 0.007)
(Fig. 2A), while no change in T-cytotoxic CD8+ cells population was
observed. In SAAT, the increase of T-lymphocytes populations in
response to lipid infusion was not consistent (Fig. 2B). The control
infusion did not exert any effect on any T-cells content either in
blood or in SAAT (data not shown).

3.4. Effect of lipid infusion on plasma levels of cytokines, VEGF-A
and adhesion molecules

The observed decrease of monocyte populations in blood led us
to the hypothesis that, in response to hyperlipidemia, these cells
adhere to endothelium of vascular wall. Therefore, we analyzed the
plasma levels of molecules related to adhesion of immune cells to
endothelial surface (SICAM, sVCAM) and to angiogenesis (VEGF-A).
In response to lipid infusion the plasma levels of sSICAM, sVCAM and
VEGF-A markedly increased by 9.4% (p = 0.016), 11.8% (p = 0.008)
and 31.7% (p = 0.03), while no change was observed during control
infusion (Fig. 3). Moreover, plasma levels of IL-6 and MCP-1 were
increased in response to lipid infusion by 131%, and 42% (p = 0.033,
p = 0.017), respectively (Fig. 3), the increase of IL-6 and MCP-1 was
significantly higher than in control infusion (p = 0.038, p = 0.017).

3.5. Effect of lipid infusion on expression of genes related to
immune response in SAAT

mRNA expression of markers of monocytes/macrophages (CD14,
CD206), and markers of Ty lymphocytes subtypes (Ty1: TBX21, Ty2:
GATA3, Trgc: FOXP3, Ty17: RORC) were determined in SAAT. Among
these markers, the expression of RORC was increased by 43%
(p = 0.048) after lipid infusion (Fig. 4). Further, mRNA levels of
chemokines/cytokines (MCP-1, IL-8, IL-6, TNFa.), angiogenic marker
(VEGF-A), fatty acid translocase (CD36) and toll like receptor 4
(TLR4) were analyzed. The mRNA levels of MCP-1 (78%, p = 0.028)
and VEGF (68.5%, p = 0.0001) were increased in response to lipid
infusion (Fig. 4), compared to control experiment.

4. Discussion

In this study, we have shown that the lipid infusion, increasing
levels of circulating FFA and TG, induced modifications of relative
content of particular sub-populations of monocytes/macrophages
and T-lymphocytes in blood and SAAT in obese women, and
modified expression of several proinflammatory genes in SAAT
along with the increased levels of cytokines and adhesion
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Table 1
Anthropometric and biochemical characteristics of two experimental groups of obese women.
Intralipid (n = 15) Glycerol controls (n = 10) P
Age (years) 43 +7 44 + 6 NS
Weight (kg) 89.1 + 8.0 89.0 + 6.6 NS
BMI (kg/m?) 314 +27 31.6 + 3.4 NS
Wiaist circumference (cm) 96.6 + 7.0 98.5 + 6.8 NS
Waist-to-hip ratio 0.8 + 0.1 0.8 + 0.1 NS
Fat mass (%) 385 +5.0 39.5+43 NS
Fat-free mass (%) 61.0 £ 58 60.5 +4.3 NS
BP—systolic (mmHg) 125+9 124 + 10 NS
BP—diastolic (mmHg) 78 + 6 80+7 NS
Total Cholesterol (mmol/L) 54 +08 48 +0.9 NS
HDL-C (mmol/L) 14+03 14+03 NS
Triglycerides (mmol/L) 1.2+0.5 1.1+03 NS
Glucose (mmol/L) 53+03 49 +03 NS
Insulin (mU/L) 73 +43 6.6 + 2.2 NS
Ureic acid (pumol/L) 276 + 53 244 + 63 NS
HOMA-IR 1.8 +0.8 1.3+06 NS

Data are presented as mean + SD; NS: non-significant (p > 0.05).

BMI: body mass index; BP: blood pressure; HOMA-IR: homeostasis model assessment of the insulin resistance index; HDL-C: HDL Cholesterol.
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Fig. 1. Plasma levels of FFA (A) and TG (B) during experimental infusion of Intralipid and glycerol-control. Values are presented as means + SD. *p < 0.05, **p < 0.01, ***p < 0.001:
significant difference during infusion compared to basal state (Wilcoxon matched-pairs signed rank test); tp < 0.05, 1ip < 0.01, 11ip < 0.001: significantly different value during
infusion when compared to control infusion in the same time-point (Man-Whitney rank test).

molecules in circulation in obese women.

Monocyte/macrophages and T-lymphocytes are among the
most abundant immune cells invading both adipose tissue and
atherosclerotic lesions and appear to be essential for the initiation
and/or progression of the metabolic disturbances in obese [24,25].
The present study provides evidence that acute systemic elevation
of lipids induced by Intralipid infusion decreased the relative con-
tent of monocytes in circulation. This result led us to hypothesis
that these cells adhere to the endothelium of vascular wall. This is
in agreement, and further extends, the previous findings showing
that monocytes in circulation increasingly adhered to the vascular
wall in response to repeated postprandial hypertriglyceridemia in
rats [26]. Similarly, it was shown in vitro that treatment of endo-
thelial cells with TG-rich lipoproteins increased adherence of hu-
man monocytes to these cells [13,27]. Moreover, the increased
expression of surface adhesion molecules (CD11b, CD62L etc.) in
immune cells was demonstrated postprandially in lean and obese
men [1,8,19]. From the two analyzed subpopulations of monocytes,
we observed a decrease specifically in CD16+ subpopulation.
Nevertheless, it should be mentioned that in humans not only the
two monocyte subpopulation are present, in vivo cells are exposed
to highly complex and constantly changing mixture of cytokines,
which stimulates their differentiation into several intermediate
phenotypes [28]. The CD16+ monocytes might be identified as
“non-classical” activated cells (M2), ie. exhibiting antiin-
flammatory properties [29]. Auffray et al. postulated that these
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“non-classical” activated monocytes patrol healthy tissue through
crawling along the endothelium [30]. It was suggested that CD16+
monocytes/macrophages are present also as reparative mechanism
in reaction to the damaged vessel in the early stage atherosclerotic
lesions [24]. Thus, we may speculate that CD16+ monocytes
represent the first cells that react to an acute hyperlipidemia and
that adhere to endothelium damaged by high concentrations of
lipids in order to protect it. Indeed, the dysfunctional endothelium
was suggested as one of the first steps in atherosclerosis develop-
ment [24,31,32]. It has been shown previously, that the exposure to
high concentration of FFAs and TG induces oxidative stress in
endothelium leading to an impairment of its function [33—35] and
to elevated expression and secretion of chemokines and adhesion
molecules (ICAM, VCAM) [26,27]. Similarly, in this study we found
an increase of plasma levels of soluble adhesion molecules (sICAM,
sVCAM), chemokines (MCP-1) and also angiogenic factor VEGF-A in
response to lipid infusion in obese subjects. The increased expres-
sion of angiogenic marker VEGF-A and chemokine MCP-1 was
detected also in SAAT. Moreover, the tendency to increase of
expression of ICAM was found on blood monocytes (Suppl. Fig 2).
These findings support the above mentioned hypothesis of mono-
cytes adhesion to endothelia. It should be noted that a slight in-
crease of IL-6 was observed also during control glycerol infusion:
this might correspond to a non-specific IL-6 stimulation by the
infusion itself, similarly as in the study of Keller et al. [36]. Impor-
tantly, the increase of IL-6 induced by Intralipid infusion was
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M2, macrophages [37,38], similarly as CD16. Therefore the decrease
in these CD206+ and CD206+/CD16+ populations may suggest a
switch from M2 to “classical” M1 activated proinflammatory
phenotype of macrophages in response to lipid infusion. The switch
to M1 proinflammatory phenotype in SAAT could be indeed sup-
ported by the observed upregulation of MCP-1 expression in SAAT.
In addition, the subpopulation of CD206— monocytes increased in
response to lipid infusion. Such a population of CD206— monocytic
cells was described by Wentworth et al. [39] and was shown to be
elevated in human obesity. It is plausible that these monocytes
represent “the newest arrivals” into AT and later can mature into
proinflammatory macrophages.

The effects of FFA on leukocytes were shown to be mediated by
several receptors, i.e. TLR4 or CD36 [12,40]. In this study, we
observed increased relative content of TLR4+ monocytes/macro-
phages in SAAT in response to Intralipid infusion. TLR4 signaling
induced by free fatty acids was shown as important mediator of
chronic inflammation in patients with metabolic syndrome and
atherosclerosis [41]. The increased content of monocytic cells
expressing TLR4 could represent the switch of these cells to the
proinflammatory phenotype.

In our study, we found an increase of Ty cell content and total T
lymphocyte content in circulation in response to lipid infusion. This
finding is in line with previous studies, in which lymphocyte counts
were shown to be increased postprandially in healthy as well as in
hyperlipidemic subjects with coronary artery disease [1,42].
Moreover, intra-venous administration of CD4+ cells enhanced
atherosclerosis in immunodeficient ApoE knockout mice [43] and
the development of atherosclerosis was significantly reduced in
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Fig. 3. Plasma levels of cytokines IL-6 (A), IL-8 (B), TNFa (C), MCP-1 (D), sICAM (E), sVCAM (F) and VEGF-A (G) during experimental infusion of Intralipid and glycerol-control. Values
are presented as means + SD. *p < 0.05, **p < 0.01, ***p < 0.001: value after infusion (black bars) significantly different from that of basal state (white bars) (Wilcoxon matched-pairs
signed rank test). {p < 0.05, 1p < 0.01, {1ip < 0.001: relative change during Intralipid infusion significantly different from the change during control infusion (Man-Whitney rank

test).

significantly higher when compared with the effect of control
infusion.

In SAAT, the relative content of CD16+ monocytes remained
unchanged, but the subset of CD206+/CD16+ macrophages was
decreased. CD206 is considered not only as a marker of AT resident
macrophages but also a marker of “non-classically” activated, i.e.
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CD4/ApoE deficient mice [44]. Thus, our data support the possible
involvement of CD4+ cells in the proinflammatory and proa-
therogenic changes in the presence of hyperlipidemia in obese.

In SVF of SAAT, no changes of T-lymphocyte relative counts in
response to Intralipid were detected. Similarly mRNA levels of the
T-lymphocyte markers that were used in FACS analysis were not
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altered. However, mRNA analysis of SAAT revealed an increase in
the expression of RORC, a Tyl7 lymphocyte marker. Tyl17 cells
represent a subtype of CD4+ T-lymphocytes with a proin-
flammatory phenotype. Their numbers were found to be elevated
in adipose tissue of metabolically unhealthy obese subjects or in
adipose tissue of mice with diet-induced obesity [45,46]. Therefore
the increase of expression of Ty17 marker (RORC) might suggest a
selective activation/recruitment of Ty17 lymphocytes, which may
be interpreted as a proinflammatory change in obese SAAT in
response to high lipid levels.

It should be mentioned that the Intralipid infusion consists
mostly from poly-unsaturated fatty acids (PUFA)-linoleic and a-
linolenic acid. These FFA contribute over 95%, and perhaps as much
as 98% of dietary PUFA intake in most Western diets [2]. Although
the detrimental effects in respect to inflammation were reported
mainly for saturated FFA, the role of linoleic acid as the precursor of
arachidonic acid, which is, in turn, the substrate for the synthesis of
proinflammatory eicosanoids and leukotrienes, should be consid-
ered [2].

Several limitations of this study might be taken into account.
These include the limited number of subjects that is, nevertheless,
common in interventional dynamic studies with Intralipid infusion
[47]. Also, the alterations in SAAT might be different during oral fat
load when compared with intravenous infusion. Nevertheless, the
Intralipid infusion creates a condition that corresponds exactly to
the aim of this study: i.e. to investigate the response of SAAT to a
steady exposure of increased circulating levels of lipids. Several
studies (including ours) showed that the elevation of triglycerides
and fatty acids is lower in response to oral fat load when compared
with lipid infusion [7,48]. In addition, the response to oral fat load
involves alterations in gastrointestinal hormones and other vari-
ables that might show quite higher inter-individual variability
compared with intravenous administration. Moreover, the
response to the oral lipid load was shown to be genotype-
dependent [49]: the genotype dependency cannot be excluded
also in respect to Intralipid infusion. As this study was performed in
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metabolically healthy obese women, the gender and metabolic
status specificity should be taken into account when extending the
results to other populations. Concerning methodological aspects of
the study, ELISA analysis might be influenced by lipemia of samples
at the end of Intralipid infusion. Nevertheless, our experiments (not
reported here) showed that lipemic plasma generate negative bias,
which does not exceed 10%. The negative bias should not change
the main findings of the study.

In conclusion, the acute hyperlipidemia induced by Intralipid
infusion was associated with proinflammatory and proatherogenic
changes in monocyte and lymphocyte populations in SAAT and
blood as well as in soluble proinflammatory mediators in circula-
tion in obese women. The proinflammatory changes in SAAT were
represented by a decrease of M2 macrophages content and
increased expression of several proinflammatory cytokines and of
the marker of Ty17 cells. Together, these results point at the pro-
cesses that could contribute to the development of atherosclerosis
in obese exposed to higher chronically, as well as acutely (e.g.
postprandially), increased levels of FFA and TG. These processes
might play a role in the development of detrimental proin-
flammatory changes in obese humans and, thus, reduction of these
peak lipid levels through nutritional and life-style recommenda-
tions should become a part of preventive strategies in obese and/or
metabolic syndrome subjects.
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Abstract

Background/Objectives

Hyperglycemia represents one of possible mediators for activation of immune system and
may contribute to worsening of inflammatory state associated with obesity. The aim of our
study was to investigate the effect of a short-term hyperglycemia (HG) on the phenotype
and relative content of immune cells in circulation and subcutaneous abdominal adipose tis-
sue (SAAT) in obese women without metabolic complications.

Subjects/Methods

Three hour HG clamp with infusion of octreotide and control investigations with infusion of
octreotide or saline were performed in three groups of obese women (Group1: HG, Group
2: Octreotide, Group 3: Saline, n=10 per group). Before and at the end of the interventions,
samples of SAAT and blood were obtained. The relative content of immune cells in blood
and SAAT was determined by flow cytometry. Gene expression analysis of immunity-
related markers in SAAT was performed by quantitative real-time PCR.

Results

In blood, no changes in analysed immune cell population were observed in response

to HG. In SAAT, HG induced an increase in the content of CD206 negative monocytes/
macrophages (p<0.05) and T lymphocytes (both T helper and T cytotoxic lymphocytes,
p<0.01). Further, HG promoted an increase of mMRNA levels of immune response markers
(CCL2, TLR4, TNFa) and lymphocyte markers (CD3g, CD4, CD8a, TBX21, GATAS,

PLOS ONE | DOI:10.1371/journal.pone.0122872  April 20, 2015

1/13
91


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0122872&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.adapt-eu.net

@'PLOS ‘ ONE

Effect of Hyperglycemia on Immune Cells in Obesity

Competing Interests: The authors have declared
that no competing interests exist.

FoxP3) in SAAT (p<0.05 and 0.01). Under both control infusions, none of these changes
were observed.

Conclusions

Acute HG significantly increased the content of monocytes and lymphocytes in SAAT of
healthy obese women. This result suggests that the short-term HG can modulate an im-
mune status of AT in obese subjects.

Introduction

Obesity represents a high risk factor for the development of various metabolic and cardiovascu-
lar diseases such as insulin resistance, type 2 diabetes, liver steatosis or atherosclerosis. The
common feature of these complications is a low-grade inflammation characterized by increased
circulating levels of pro-inflammatory cytokines and chemokines (e.g. IL-6, TNF-a, CCL2,
CCL5) and enhanced accumulation of immune cells (macrophages, lymphocytes) in adipose
tissue (AT) [1-3].

In a previous study focused on subcutaneous abdominal AT (SAAT), we found a progres-
sive increase in the mRNA expression of macrophage markers from obese towards obese with
metabolic syndrome (MS) individuals [4]. Similar findings based on a comparison of insulin-
resistant with insulin-sensitive subjects were presented by other laboratories [5-7]. However,
the cause of higher AT inflammation in obese subjects with metabolic syndrome compared to
metabolically healthy obese remains only partly elucidated. The altered control of glycaemia on
the obese background might be one factor that plays a role in the further deterioration of AT
functions. Indeed, it was suggested that the deterioration of postprandial glucose control pre-
cedes long-term elevation of fasting glucose concentration [8,9]. Moreover, it was shown that
fluctuations in glucose levels are more harmful than chronic hyperglycemia (HG) per se [10].
Detrimental effects of acute HG might be mediated through induction of oxidative stress (via
production of glycosylation end product and activation of protein kinase C) and through the
activation of inflammatory pathways in various cells resulting in increased secretion of pro-
inflammatory cytokines [10-13]. Still, only a few reports addressed responses of cells of adap-
tive and innate immunity to this metabolic stimulus in vivo in obese individuals [14,15].

Therefore, the objective of this study was to investigate whether acute experimental HG has
an impact on phenotype and relative content of monocytes/macrophages and lymphocytes in
circulation and the SAAT of healthy obese women.

Subjects and Methods

Subjects

The co-author and the head of the Department of Sport Medicine, Vladimir Stich, MD, PhD,
recruited subjects for this study among the subjects consulting at the Obesity unit of the Uni-
versity Hospital Kralovske Vinohrady. 30 healthy obese premenopausal women were recruited
and divided into 3 groups (n = 10) matched for BMI and age (group 1- HG clamp with octreo-
tide infusion, group 2—octreotide infusion, group 3- saline infusion study). The subjects were
matched for BMI and age (range 27-32 kg/m? and 4044 years, respectively) and then they
were assigned to one of the three experimental procedures without systematic randomization.
All women were drug-free and without signs of metabolic syndrome [16], except for obesity.
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To exclude subjects with metabolic syndrome we followed NCEP-ATP III guidelines (https://
www.nhlbi.nih.gov/files/docs/guidelines/atglance.pdf), i.e. only women exerting less than 3 out
5 risk factors (waist circumference > 88cm, TAG > 1.7mmol/l, HDL-cholesterol <1.3mmol/l,
blood pressure > 130/85mmHg, fasting glucose > 5.6mmol/l) were admitted to the study.
Their body weight had been stable for 3 months prior to the examination. Participants signed a
written informed consent before the study. The study was performed according to the Declara-
tion of Helsinki and approved by the Ethical Committee of the Third Faculty of Medicine
(Charles University in Prague, Czech Republic).

Design of clinical investigation

Clinical investigation was performed before intervention in the fasting state and at the end of
the 3-hour HG clamp, or octreotide, or saline infusion. Anthropometric measurements and
blood processing were performed as previously reported [17,18]. Body composition was as-
sessed using multi-frequency bioimpedance (Bodystat, Quad scan 4000, Isle of Man, British
Isles). 1-2 ml of un-coagulated blood samples was used for flow cytometry analysis. SAAT was
obtained by needle biopsy carried out in the abdominal region (10 cm laterally from umbilicus)
under local anesthesia (1% Xylocain) as previously described [17]. Biopsies were performed 30
min before the start of the experimental infusions and within the last 15 min of infusions on
the contralateral side of abdomen. 1-2 g of SAAT was used for isolation of stromal vascular
fraction (SVF) cells to perform flow cytometry analyses. In a subgroup of 6 women in HG and
in 9 women from the two remaining experimental groups, 0.1 g of SAAT was immediately fro-
zen in liquid nitrogen and stored at -80°C until RNA isolation.

Hyperglycemic clamp

A bolus injection of 0.33 g/kg glucose followed by a varying 20% glucose infusion was used to
achieve steady-state plasma glucose concentrations of 15 mmol/l for 180 minutes. Continuous
infusion dose was adjusted every 5 to 10 minutes according to the measured plasma glucose. 5
minutes before the priming glucose, octreotide (Sandostatin, Novartis) infusion was started in
order to block the release of endogenous insulin. The initial 25 pg IV bolus administered over 1
min was followed by an infusion at the rate 30 ng/min/kg body weight. To prevent hypokale-
mia, 0.26 mmol/l KCl was added to the glucose infusion.

To exclude any direct effect of infusion itself or infusion of octreotide on circulating cells
and on SAAT characteristics, 2 groups of subjects as control groups (n = 10 per each group)
different from those participating in the HG clamp received infusion of saline or octreotide
alone (i.e. in the absence of the glucose infusion) at the duration, resp. dose identical to the
hyperglycemic condition.

Isolation of SVF cells

SAAT was washed with saline, further minced and digested with type I collagenase 300 U/ml
in PBS/ 2%BSA (SERVA, Heidelberg, Germany) for 1h in 37°C shaking water bath. Digested
tissue was subsequently centrifuged at 200 g for 10 minutes and filtered through 100- and 40-
um sieves to isolate SVF cells.

Flow cytometry analysis

The whole blood and freshly isolated SVF cells were used for immediate flow cytometry analy-
ses. SVF cells were resuspended in 100 ul PBS solution containing 0.5% BSA and 2 mM EDTA
and incubated with fluorescence-labeled monoclonal antibodies (FITC-conjugated antibody
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CD14, CD4; PE-conjugated antibody CD14, TLR2, TLR4, CD3; PerCP-conjugated antibodies
CD45 and APC-conjugated antibodies CD206 and CD8) or the appropriate isotype controls
(BD Bioscience, Bedford, MA) for 30 min at 4°C according to protocol of Curat et al. [19]. The
whole blood samples were stained with the same set of fluorescence-labelled monoclonal anti-
bodies as used for SVF cells (except for CD206) for 30 min at room temperature. After staining,
erythrocytes were lysed by erythrocyte lysis buffer for 15 min at room temperature. Cells were
washed with PBS and analysed on FACS Calibur flow cytometer with CellQuest Pro Software
(BD Biosciences, NJ, USA). The number of immune cells belonging to specified populations
was expressed as percentage of gated events.

Quantitative real time PCR (RT-qPCR)

Total RNA extraction and reverse transcription (RT-PCR) were performed as previously de-
scribed [17]. Before reverse transcription, genomic DNA was eliminated by DNase I (Invitro-
gen, Carlsbad, CA, USA). Real-time quantitative PCR (RT-qPCR) was performed using an ABI
PRISM 7000 and 7500 instrument (Applied Biosystems, Foster City, CA, USA). Primers and
TaqMan probes were obtained from Applied Biosystems. Results are presented as fold change
values calculated by AA Ct method normalized to geometric mean of two endogenous controls
(18S rRNA and GUSB).

Determination of plasma levels of biochemical parameters

Plasma glucose and insulin were determined using the glucose-oxidase technique (Beckman
Instruments, Fullerton, CA) and an Immunotech Insulin Irma kit, resp. (Immunotech, Prague,
Czech Republic). Homeostasis model assessment of the insulin resistance index (HOMA-IR)
was calculated as follows: ((fasting insulin in mU/1) x (fasting glucose in mmol/l) / 22.5).
Circulating levels of selected bioactive molecules were measured by commercial ELISA kits:
RANTES/CCLS5 (Duoset, R&D Systems, Minneapolis, MN, USA) and MCP-1 (Ready-SET-Go,
eBioscience, San Diego, CA, USA). Plasma levels of other parameters were determined using
standard biochemical methods.

Statistical analyses

Statistical analysis was performed using SPSS 13.0 for Windows (SPSS Inc., Chicago, IL, USA)
and GraphPad Prism 6 (GraphPad Software, Inc., San Diego, California, USA). The data were
log-transformed for the analyses. The effect of HG clamp or octreotide/saline infusion was test-
ed using parametric t-test. Differences of baseline clinical data between the three groups of pa-
tients were analysed by one-way ANOVA with Tukey multiple comparison tests. To compare
the effect of HG vs. control infusions, the data were analysed by two-way ANOVA with repeat-
ed measures. Data are presented as mean + SEM. Differences at the level of p < 0.05 were con-
sidered statistically significant.

Results
Clinical characteristics of obese subjects

The clinical data of subjects participating in three short-term interventions are shown in
Table 1. There were no significant differences in anthropometric and laboratory parameters
(including fasting blood glucose, plasma insulin levels, and HOMA-IR) between HG and
octreotide group of subjects. Fasting glucose levels were lower in the saline group (vs. HG
group) but no other differences were found between the two groups.

PLOS ONE | DOI:10.1371/journal.pone.0122872  April 20, 2015 4/13

94



@'PLOS ‘ ONE

Effect of Hyperglycemia on Immune Cells in Obesity

Table 1. Characteristics of obese subjects in experimental groups.

Characteristics

N

Age (years)

Weight (kg)

BMI (kg/m?)

Fat (kg)

Waist circumference (cm)
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Glucose (mmol/L)

Insulin (mU/L)

C-peptide (mU/L)

HOMA-IR

Cholesterol (mmol/L)
Triglycerides (mmol/L)

HDL-C (mmol/L)

Data are presented as mean + SEM
#p<0.05

Hyperglycemia (HG) Octreotide Saline

10 10 10

42 £1 42 +2 44 +2
86.9+2.7 87.5+4.4 89.0+2.2
30.8+0.8 31.9+1.5 31.6+1.1
332+1.6 34.5+3.0 35.8+2.1
95.2+2.6 100.8 £ 3.4 98.5+23
117.+ 4.6 1243+ 3.3 1244+ 3.5
76 £3.2 772+1.5 795+23
54+0.1 52+0.1 50+0.12
6.5+0.9 7.3%+0.8 6.6 £ 0.8
0.7+0.1 0.8+0.1 0.7+0.1
1.6+0.2 1.7+0.2 1.4+0.2
47+0.2 44+0.2 48+0.3
0.9+0.1 1.2+0.2 1.1+0.1
1.3+0.1 1.4+0.1 1.4+0.1

hyperglycemia vs saline; BMI: body mass index; HOMA-IR: homeostasis model assessment of the insulin resistance index; HDL-C: HDL cholesterol

doi:10.1371/journal.pone.0122872.t001

Plasma insulin, C peptide and glucose levels during hyperglycemic
clamp, octreotide and saline infusions

Throughout the HG clamp plasma glucose was maintained at 15 mmol/I (coefficient of varia-
tion 7.2 £ 0.7%), being approximately three times higher compared with baseline values. The
addition of octreotide prevented hyperglycemia-stimulated endogenous production of insulin
except at the end of the 3-hours hyperglycemia when plasma insulin and C-peptide concentra-
tions were modestly increased (insulin 6.45 + 0.86 mU/l at baseline vs. 10.76 + 2.1, p < 0.05, C-
peptide 0.72 + 0.06 mU/1 at baseline vs. 1.08 £ 0.18, p < 0.05).

The infusion of octreotide alone decreased plasma insulin and C-peptide below basal levels
(insulin, 7.34 + 0.84 mU/I at baseline vs. 2.42 + 0.39 mU/I at the end of infusion, p < 0.001, C-
peptide 0.76 + 0.84 mU/I at baseline vs. 0.27 + 0.04 mU/I at the end of infusion, p < 0.001) and
this was accompanied with a slight elevation of glucose levels (baseline 5.23 + 0.11 mmol/l, end
of infusion 5.95 + 0.27 mmol/l, p < 0.01).

Glucose, insulin and C-peptide levels remained stable during the saline infusion (data not
shown).

Monocyte/macrophage and T lymphocyte content in peripheral blood
and SAAT of obese women in response to hyperglycemic clamp,
octreotide and saline infusion

The content of monocytes/macrophages characterized by expression of CD45+/14+ did not
change in response to HG in blood but significantly increased in SAAT (Fig 1A). Similarly, no
changes in relative content of monocytes/macrophages expressing Toll-like receptor (TLR) 2
and 4 were induced by HG in blood, while there was a significant HG-induced increase in rela-
tive content of CD45+/14+/TLR4+ population in SAAT (Fig 1A). These changes were indepen-
dent of the content CD45+ cells with high granularity (granulocytes), in SAAT biopsy samples,
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Fig 1. Effect of hyperglycemic clamp (A), octreotide infusion (B), and saline infusion (C) on relative content of monocyte/macrophage and T-
lymphocyte populations in peripheral blood and stromal vascular fraction (SVF) of subcutaneous abdominal adipose tissue of obese women. A
population of TLR4+ monocytes in blood is not shown due to a low frequency. White bars- before infusion, black bars- after infusion. Data are presented as
mean + SEM, each investigated group n =10, *p < 0.05; ** p < 0.01: before vs after clamp.

doi:10.1371/journal.pone.0122872.g001

because their content was not different before or at the end of the HG clamp or other experi-
mental infusions (17.8 + 2.3% before and 17.4 + 1.9% after infusion, n = 30). Resident AT
macrophage populations were identified by the expression of mannose receptor CD206 on
CD45+/CD14+ cells (i.e. CD45+/14+/206+, CD45+/14+/206+/TLR2+ and CD45+/14+/206+/
TLR4+ cells) in SAAT (Fig 1A) and they were not affected by HG.

Populations of T lymphocytes (CD45+/3+ cells; T helper subpopulation-CD45+/3+/4+; T
cytotoxic subpopulation- CD45+/3+/8+) remained unchanged in response to HG in blood but
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significantly increased in SAAT (Fig 1A). The ratio between subpopulations of T helper and T
cytotoxic lymphocytes (CD4+/CD8+) in SAAT did not change during HG clamp (data not
shown). Importantly, neither octreotide nor saline infusion had a significant effect on relative
content of monocyte/macrophage and T lymphocyte populations in blood and/or SAAT (Fig
1B and 1C). Of note, HG-specific increases in total T cell and T helper cell content in SAAT
was confirmed by two-way ANOVA.

SAAT mRNA levels of macrophage, lymphocyte and inflammatory
markers in response to hyperglycemic clamp, octreotide and saline
infusion

To extend the results of flow cytometry, mRNA levels of chemokines/cytokines (CCL2/MCP1,
CCL5/RANTES, CXCL12/SDF-1a, IL8, IL1B, TNFa), markers of macrophages (CD14,
CD206), Toll like receptors (TLR2, TLR4), lymphocyte markers (CD3g, CD4, CD8a) and re-
modeling marker (MMP9) were analysed in SAAT. Levels of CCL2 and CCL5 chemokines
were also evaluated in plasma. The mRNA levels of CCL2, TLR4, TNFo. and all measured T
lymphocyte markers (CD3g, CD4, CD8a) including Th1 (TBX21), Th2 (GATA3) and T regs
(FoxP3) markers significantly increased in response to HG (Fig 2A) but not after octreotide or
saline infusion (Fig 2B and 2C, confirmed also by two-way ANOVA).

Plasma levels of chemokines in response to hyperglycemic clamp,
octreotide and saline infusion

Circulating levels of two chemokines involved in attraction of monocytes and lymphocytes, i.e.
CCL2 and CCL5, were not changed in response to either conditions (data not shown).

Discussion

Obesity-related inflammation has been considered one of the major risk factors for the devel-
opment of metabolic and cardiovascular diseases. Short-term HG represents one of the possible
triggers to aberrant activation of the immune system [20]. This could contribute to the further
worsening of the inflammatory state in obese subjects resulting in metabolic syndrome or type
2 diabetes. Thus, we investigated the effect of HG on immune cell phenotype and content in
circulation and SAAT. The present study was carried out in healthy obese women representing
an optimal model for studying the processes contributing to the deterioration of metabolic sta-
tus of obese subjects.

We documented that HG induced an increase in CD45+/14+ monocyte/macrophage popula-
tion in SAAT. Upon the octreotide or saline infusion, no changes in monocyte/macrophage
population in SAAT were detected; therefore the above-mentioned increased numbers of
monocytes/macrophage in SAAT cannot be attributed to octreotide or infusion per se.

Since it was shown previously that HG treatment of monocytes in vitro increases expression
of Toll-like receptors [21] and also monocytes from patients with type 2 diabetes show a higher
expression of TLR2 and TLR4 compared to healthy subjects [15], we investigated the expres-
sion of these two receptors in circulating blood cells and SAAT in obese women. While the
relative content of activated monocyte/macrophage population defined as a triple positive pop-
ulation CD45+/14+/TLR4+ was increased in response to HG, no significant changes in
CD45+/14+/TLR2+ population were observed in SAAT. Thus, the selective effect of HG on
TLR4+ monocyte/macrophage population could point to a specific physiological function of
this subtype of monocytes/macrophages in HG-affected SAAT. Indeed, recent findings suggest
that TLR4 and TLR?2 activation in macrophages results in the differential expression and
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Fig 2. Effect of hyperglycemic clamp (A), octreotide infusion (B), and saline infusion (C) on mRNA levels of selected immunity-related genes in
subcutaneous abdominal adipose tissue of obese women. White bars- before infusion, black bars- after infusion. Data are presented as mean fold
change + SEM. Relative mRNA levels are normalized to geometrical mean of 2 housekeeping genes 18S and GUSB, n = 6 (hyperglycemic clamp),n=9
(octreotide and saline infusion), *p < 0.05; ** p <0.01; *** p <0.001: before vs after clamp.

doi:10.1371/journal.pone.0122872.9002

secretion of pro-inflammatory cytokines [22,23]. We found increased mRNA levels of TLR4
along with TNF in the AT of obese women after HG clamp, which has been shown to be up-
regulated after TLR4 but not TLR2 stimulation in macrophages [23]. This mechanism of cyto-
kine regulation is considered to be important for the control of migration and subsequent acti-
vation of inflammatory monocytic cells. Notably, we observed that the surface expression of
both TLR2 and TLR4 was detectable in the majority of monocytes present in SAAT despite
low expression of TLR4 in circulating monocytes (low expression of TLR4 on circulating
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monocytes was also documented by Kashiwagi et al [24]). Thus, we speculate that the expres-
sion of TLR4 on monocytes could either be stimulated by the SAAT microenvironment or, al-
ternatively, only those monocytes expressing TLR4 could reach the SAAT. However, further
studies will be needed to clarify this hypothesis.

Contrary to monocyte population, a population of resident AT macrophages did not show
any changes in response to HG in terms of relative content and TLRs expression (i.e. content
of CD45+/14+/206+/TLR2+ and TLR4+). Therefore, it seems that SAAT microenvironment,
changed by HG, activated only monocytic cells that are not fully differentiated into macro-
phages. Such a population of CD206- monocytic cells was described by Wentworth et al. [25]
and was shown to be elevated in human obesity. It is plausible that these monocytes represent
“the newest arrivals” into AT but then later can mature into CD206+ macrophages. Neverthe-
less, CD206 marker used to identify resident AT macrophages was previously suggested to be
preferentially expressed by M2 macrophages [26], and thus it is also possible that observed in-
crease in CD45+/14+/206- population could be attributed to M1 macrophages. This hypothesis
however could not be tested as M1 macrophage marker CD40 [26] is expressed also on 60% of
circulating monocytes (not shown).

The pro-inflammatory state associated with metabolic complications represents a bridging
of innate and adaptive immune systems in AT physiology. Previous studies investigating the
dynamics of immune cell infiltration of AT during the onset of obesity suggested that lympho-
cytes are the first players of immunity which infiltrate the AT [27-29]. In our study, we found
an increased content of total T lymphocytes and both major subpopulations of T lymphocytes,
i.e. T helper CD4+ and T cytotoxic CD8+ in SAAT of obese women in response to short-term
HG. Importantly, the role of CD4+ and CD8+ T cells in modulating AT inflammation and
overall metabolic status has been documented previously in both animal models and human.
According to animal studies [28], CD8+ T cells direct macrophage infiltration into AT.

CD4+ T cells have both anti- and pro-inflammatory roles based on their further specialization
[30] and the balance between these individual CD4+ subpopulations is responsible for the con-
trol of metabolic inflammation [31]. Notably, at least two of the CD4+ subpopulations, i.e. Th1
and Th17 cells, are pro-inflammatory and their numbers are significantly elevated in AT of
metabolically unhealthy obese subjects or in diet-induced obesity in mice [31,32]. Thus, we
could speculate that the increase of CD4+ cells upon HG could be attributed to these two sub-
populations (Th1 and Th17 cells) however this hypothesis has to be proven in further study.

In blood, short-term HG caused no alteration in relative content of immune cell populations
or their phenotype, along with no change in circulating levels of chemokines, i.e. CCL2 and
CCLS5, involved in chemo-attraction of monocytes and lymphocytes. Thus, a short metabolic
stimulus of 3-hour HG is probably insufficient to alter relative content of various leukocyte
populations in circulation but it has a significant effect on immune response in SAAT of obese
healthy women. In fact, relative content of immune cell populations in SAAT was analysed in
the context of other cell types (i.e preadipocytes, endothelial cells) whose numbers in AT are
presumably insensitive to short-term metabolic insults, which may facilitate a detection of even
small changes in numbers of immune cells.

It was shown that HG modulates expression of genes related to immune response in SAAT
of lean subjects [14,33]. We observed that mRNA levels of TLR4 (also expressed on adipocytes
and endothelial cells [34]; [35]), CD3g, CD4 and CD8a increased in the experimental condition
of HG in obese women, which nicely supports the flow cytometry results. Unlike circulating
levels of CCL2, mRNA levels of CCL2 in SAAT were increased after a short-term HG. One
could hypothesize that these local changes of immune response genes in the AT could affect
monocyte/macrophage population. Indeed, recent paper of Amano et al. [36], suggested that
CCL2 promotes proliferation of resident macrophages in AT in obesity. Likewise, other clinical
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studies have reported an increased expression of activation markers on monocytes and neutro-
phils in type 2 diabetic patients [15,37,38].

Unlike other studies analysing T cell subpopulations in mice [39], we did not analyse
among T cell subtypes by flow cytometry due to the limited numbers of SVF cells derived from
needle biopsy samples. However, we found the up-regulation of TBX21, GATA3 and FoxP3
mRNA levels (representing major differentiation factors of Th1, Th2 and Tregs subtypes) in
SAAT after HG condition in obese women. It has been shown that Th1, Tregs are increased
and Th2 subpopulation is decreased with obesity [40,41]. Based on the combination of our re-
sults from flow cytometry and mRNA analysis, one can hypothesize that HG enhanced infiltra-
tion of both pro- and anti-inflammatory T cells in order to maintain immune homeostasis in
AT. However, to determine a comprehensive picture of the sequence of the immune cells
activation in circulation, accumulation in AT, and their role in the induction of the AT pro-
inflammatory state further analyses need to be performed. In fact, the role of immune cell infil-
tration in AT is not unequivocal: it still remains unknown whether it reflects the dysfunction of
AT metabolism or prevents this event. The study of Duffaul et al. [42] documented that early T
cells infiltration into AT has protective role since it inhibits pro-inflammatory reaction of in-
nate cells. Similar finding by Sultan et al. [43] showed that adaptive cells alone are not responsi-
ble for the impairment of insulin sensitivity in obesity.

For characterization of particular immune cell populations in blood and SAAT, we used
flow cytometry. This method enables simultaneous detection of several surface markers and
provides results superior over immunohistochemistry or gene expression analysis alone. How-
ever, the flow cytometry analysis of needle biopsy-derived samples may raise concerns of a pos-
sible contamination of SAAT sample by blood cells. Similar to our previous study [18], where
this possible limitation was already discussed, the content of granulocytes, i.e. CD45+ cells
with high granularity, in SAAT samples, was not different before or at the end of the HG clamp
or other experimental infusions used in this study. This suggests that blood contamination
does not affect the outcome of the flow cytometric data in SAAT. Another possible limitation
of this study was a slight increase of plasma insulin levels at the end of the HG clamp. Notewor-
thy, this final concentration of insulin remained within the range of normal fasting levels and
was negligible when compared with the usual postprandial concentrations. In addition, the re-
ports showing an acute effect of insulin on the circulating levels of pro-inflammatory cytokines
[44,45] were based on the exposure to 4 fold higher levels of insulin than those detected in the
present study. Moreover, circulating resting T lymphocytes are devoid of insulin receptor [38].
Thus even though we cannot completely rule out the possibility that the slight increase of
plasma insulin may contribute to the observed effect of HG on immune cells, it seems rather
unlikely.

In summary, our results show that the short-term HG induces an increase in the content of
monocytes and T lymphocytes in SAAT of healthy obese women and thus suggest that the os-
cillations in glycaemia levels may modulate an immune status of AT in obese individuals.
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Abstract

The consumption of lipids and simple sugars induces an inflammatory response whose exact molecular trigger remains elusive. The aims
of the present study were to investigate (1) whether inflammation induced by a single high-energy, high-fat meal (HFM) is associated with
endoplasmic reticulum stress (ERS) in peripheral blood mononuclear cells (PBMC) and (2) whether these inflammatory and ERS responses
could be prevented by the chemical chaperone ursodeoxycholic acid (UDCA). A total of ten healthy lean men were recruited to a random-
ised, blind, cross-over trial. Subjects were given two doses of placebo (lactose) or UDCA before the consumption of a HFM (6151 kJ; 47-4 %
lipids). Blood was collected at baseline and 4h after the HFM challenge. Cell populations and their activation were analysed using flow
cytometry, and plasma levels of inflammatory cytokines were assessed by ELISA and Luminex technology. Gene expression levels of
inflammatory and ERS markers were analysed in CD14" and CD14~ PBMC using quantitative RT-PCR. The HFM induced an increase in
the mRNA expression levels of pro-inflammatory cytokines (IL-18, 2-1-fold; IL-8, 2-4-fold; TNF-a, 1-4-fold; monocyte chemoattractant pro-
tein 1, 2-1-fold) and a decrease in the expression levels of miR181 (0-8-fold) in CD14" monocytes. The HFM challenge did not up-regulate
the expression of ERS markers (XBP1, HSPA5, EDEM1, DNAJC3 and ATF4) in either CD14% or CD14~ cell populations, except for ATF3
(2-3-fold). The administration of UDCA before the consumption of the HFM did not alter the HFM-induced change in the expression levels
of ERS or inflammatory markers. In conclusion, HFM-induced inflammation detectable on the level of gene expression in PBMC was not
associated with the concomitant increase in the expression levels of ERS markers and could not be prevented by UDCA.

Key words: Peripheral blood mononuclear cells: Ursodeoxycholic acid: Postprandial inflammation: Endoplasmic
reticulum stress

British Journal of Nutrition

o

Downld
https:/.

The pandemic of obesity in the Western world has been
attributed to the lack of physical activity and availability of
highly palatable, easily digestible and energy-dense food.
Palatability is based on a high content of lipids and simple
sugars. However, the overconsumption of lipids and simple
sugars is associated with the exaggeration of postprandial
blood glucose and lipid levels™”. The protracted elevations
of blood metabolites are the signs of postprandial dysmetabo-
lism associated with so-called postprandial inflammation® =%
Postprandial inflammation is manifested by increased plasma
levels of inflammatory cytokines and leucocyte activation >,
although the precise contribution of blood monocytes and

lymphocytes to these pro-inflammatory changes remains
unknown. While in healthy people, postprandial inflammation
is transient, it is prolonged in obese people and in subjects
with type 2 diabetes®*®. Thus, prolonged postprandial
inflammation has been suggested to promote insulin resist-
ance and atherosclerosis. The exact molecular trigger of
postprandial inflammation is not fully elucidated yet. Never-
theless, it has been shown previously that exposure of cells
to saturated lipids and a high concentration of glucose may
cause endoplasmic reticulum stress (ERS), as documented
by the increased mRNA levels of several ERS markers or
by the increased activity of an ERS-responsive LacZ reporter

protein 1; XBP1s, X-box binding protein 1 spliced.
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normal T-cell expressed and secreted; TLR, Toll-like receptor; UDCA, ursodeoxycholic acid; UPR, unfolded protein response; XBP1,
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Abbreviations: ATF, activating transcription factor; DNAJC3, DnaJ (Hsp40) homolog, subfamily C, member 3; EDEMI1, ER degradation enhancer,
mannosidase alpha-like 1; ERS, endoplasmic reticulum stress; HFM, high-fat meal; HSPAS, heat shock 70 kDa protein 5 (glucose-regulated protein,
78kDa); MCP1, monocyte chemoattractant protein 1; miRNA, microRNA; PBMC, peripheral blood mononuclear cell; RANTES, regulated on activation,
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system’ . ERS leads to the activation of pathways that

primarily decrease the burden of endoplasmic reticulum or
eliminate the affected cell. Meanwhile, however, it leads to
the stimulation of classic inflammatory regulatory molecules
such as NF-kB and Jun N-terminal kinase'”. Thus, post-
prandial inflammation could be triggered by ERS. Notably,
ERS-induced inflammation may be alleviated by chemical cha-
perones such as bile acids"'”. One such chemical chaperone,
ursodeoxycholic acid (UDCA), currently used therapeutically
for the treatment of cholestasis, has been shown to prevent
chemically induced ERS in vitro*'. Given these facts,
we analysed inflammation induced by a single high-fat meal
(HFM) in two subpopulations of peripheral blood mono-
nuclear cells (PBMC) representing cells of innate and adaptive
immunity, and tested whether this HFM-induced inflammation
is associated with ERS. Furthermore, we investigated whether
the inflammatory or ERS response may be modified or pre-
vented by the non-toxic chemical chaperone UDCA.

Experimental methods
Subjects and study design

A total of ten healthy lean male subjects were recruited to
a randomised, blind, cross-over trial consisting of two 1d
studies, separated by at least 1 week (when the subjects
followed their habitual diet and level of exercise). Exclusion
criteria were as follows: weight changes of >3 kg within the
3 months before the start of the study; participation in other
trials; hyperbilirubinaemia; smoking; alcohol or drug abuse.
The characteristics of the subjects are provided in Table 1.
Subjects were given 10 mg/kg of placebo (lactose) or UDCA
(Ursosan; PRO.MED.CS) in gelatin capsules with the last
evening meal (20.00 hours) before the experimental day.
Upon admission (08.00 hours), a catheter was placed in the
antecubital vein. After baseline blood sampling, subjects
were given 15mg/kg of placebo or Ursosan. Within 15 min,
they consumed a high-energy, HFM consisting of a breakfast
sandwich with pork meat and egg omelette, French fries,
ketchup, Nutella spread, croissant, ice tea (McDonalds;
6151K]J; 32:-8% carbohydrates, 47-4% lipids and 11-3% pro-
teins). After the meal was consumed, blood was drawn each

Table 1. Characteristics of the subjects
(Mean values with their standard errors, n 10)

Mean SEM
Age (years) 26-3 1.04
BMI (kg/m?) 23-11 0-59
Weight (kg) 77-51 2-48
Waist circumference (cm) 81.5 1.96
Fat mass (%) 13.46 1.06
Glucose (mmol/l) 4.77 0-11
Insulin (mU/1) 5.4 0-66
HOMA-IR 1.16 0-15
TAG (mmol/l) 0-82 0-13
HDL-cholesterol (mmol/l) 1.59 0-15
Total cholesterol (mmol/l) 4.81 0-28

HOMA-IR, homeostasis model assessment of the
insulin resistance index.

hour up to the 4th hour. During the intervention, subjects
had free access to drinking-water. The present study was
conducted according to the guidelines laid down in the
Declaration of Helsinki, and all procedures involving human
subjects were approved by the ethical committee of the
Third Faculty of Medicine of Charles University in Prague,
Czech Republic. Written informed consent was obtained
from all subjects before the study.

Determination of plasma levels of biochemical parameters

Plasma glucose levels were determined using the glucose
oxidase technique (Beckman Instruments, Inc.). Plasma insulin
level was measured using an Immunotech Insulin Irma kit
(Immunotech). Homeostasis model assessment of the insulin
resistance (HOMA-IR) index was calculated as follows:

HOMA-IR = (fasting insulin (mU/1)
X fasting glucose (mmol/1))/22-5.

Plasma levels of glycerol, NEFA and TAG were measured by
colorimetric enzymatic assays using kits from Randox.

Flow cytometry analysis

To determine the absolute numbers of cells in the blood,
TruCOUNT tubes containing defined numbers of beads
detectable by flow cytometry were used according to the
manufacturer’s protocol (BD Biosciences). Subpopulations of
blood cells representing lymphocytes, granulocytes and
monocytes were analysed according to their size and granular-
ity. To detect specific surface antigens, whole-blood samples
were stained with fluorescence-labelled monoclonal anti-
bodies (fluorescein isocyanate-conjugated antibodies: CD4,
CD14, CD16 and CD36; phycoerythrin-conjugated antibodies:
CD3, CDl11c, CD14, Toll-like receptor (TLR)2 and TLR4; allo-
phycocyanin-conjugated antibodies: CD8 and CD56) or the
appropriate isotype controls (BD Biosciences) for 30 min at
room temperature. After cell staining, erythrocytes were
lysed by erythrocyte lysis buffer for 15 min at room temperature.
The cells were then washed with PBS and analysed on a FACS-
Calibur flow cytometer and CellQuest Pro Software (BD Bios-
ciences). The number of immune cells in the analysed
populations was expressed as a percentage of gated events or
the absolute numbers calculated from data obtained by Tru-
COUNT analysis. Background was set up to 5% of positive
cells of the isotype control.

Isolation of peripheral blood mononuclear cells and
CD14™ cells

PBMC were isolated by gradient centrifugation. Briefly, 9 ml of
uncoagulated blood were diluted in PBS to 16 ml and applied
onto Leucosep tubes (Greiner Bio-One) filled with 3ml of
Histopaque-1077 separation medium (Sigma-Aldrich). After
centrifugation for 15min at 800g, plasma was discarded
and PBMC located above the frit were transferred to a tube con-
taining endothelial cell basal medium (PromoCell). The cells

10
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were washed three times, diluted in isolation buffer (PBS sup-
plemented with 0-1% bovine serum albumin and 2mwm-
EDTA, pH 74) and counted. Up to 10 million cells were
mixed with 25 pl CD14 Dynabeads (Invitrogen) and incubated
on a rotator for 20 min at 4°C, and then CD14" PBMC were sep-
arated with a magnet and lysed in RLT (Qiagen). CD14~ PBMC
were collected by centrifugation and lysed in RLT. Both frac-
tions of PBMC were then used for RNA isolation. Separation effi-
ciency was confirmed by both fluorescence-activated cell
sorting and quantitative RT-PCR analysis (data not shown).

Gene expression analysis

Total RNA was isolated using a miRNeasy Mini Kit (Qiagen).
Genomic DNA was removed by DNase I
(Invitrogen). Complementary DNA was obtained by reverse
transcription (High-Capacity cDNA Reverse Transcription Kit;
Applied Biosystems) of 300 or 600 ng of total RNA. Complemen-
tary DNA equivalent to 5 ng of RNA was used for real-time PCR
analysis using the Gene Expression Master Mix and Gene
Expression Assay for heat shock 70 kDa protein 5 (glucose-
regulated protein, 78 kDa) (HSPA5) (Hs99999174_m1), activat-
ing transcription factor 4 (ATF4) (Hs00909569_gl), ATF3
(Hs00231069_m1), ER degradation enhancer, mannosidase
alpha-like 1 (EDEM1) (Hs00976004_m1), DnaJ (Hsp40) homo-
log, subfamily C, member 3 (DNAJC3) (Hs00534483_m1), regu-
lated on activation, normal T-cell expressed and secreted
(RANTES; Hs00174575_m1), IL-18 (Hs01555410_m1), IL-8
(Hs00174103_m1), monocyte chemoattractant protein 1
(MCP1; Hs00234140_m1), PPARa (Hs00947539_m1), PPARy
(Hs01115513_m1), TLR2 (Hs00152932_m1) and 7LR4 (Hs010
60206_m1) (Applied Biosystems). TNF-a, X-box binding pro-
tein 1 (XBPI) total and XBP1 spliced (XBP1s) were detected
by specific primers (TNF-a: forward 5'-TCTCGAACCCCGAGT-
GACA-3' and reverse 5'-GGCCCGGCGGTTCA-3'; XBPI total:
forward 5-CGCTGAGGAGGAAACTGAA-3' and
5'-CACTTGCTGTTCCAGCTCACTCAT-3';  XBP1s: forward
5'-GAGTCCGCAGCAGGTGCA-3' and reverse 5-ACTGGGTCC-
AAGTTGTCCAG-3") using a SYBR Green technology (Power
SYBR® Green Master Mix; Applied Biosystems). The microRNA
(miRNA) were transcribed by a miScript I RT kit (Qiagen) with-
out prior DNase I treatment. Complementary DNA equivalent to
1ng of RNA was used for real-time PCR analysis using the
miScript SYBR Green PCR Kit and miScript Primer Assay for
miR146a and miR181a (Hs_miR-146a* 1 and Hs_miR-
181a*_1; Qiagen). All samples were run in duplicate on a 7500
Fast ABI PRISM instrument (Applied Biosystems). Gene
expression of target genes was normalised to the expression
of ribosomal protein S13 (RPS13) (mRNA, Hs01011487_g1) or
RNA, U6 small nuclear 2 (RNU6-2) (miRNA, Hs_RNUG6-2_1)
(Qiagen), and expressed as fold changes calculated using the
AAC; method.

treatment

reverse

Plasma cytokine analysis

Plasma levels of leptin and adiponectin were measured by
ELISA (DuoSet; R&D Systems), with a limit of detection of
62-5pg/ml. Plasma TNF-a, IL-6, IL-1B and IL-8 levels were
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measured by the MILLIPLEX MAP Human High Sensitivity
Cytokine Panel (Merck), with a limit of detection of
0-13 pg/ml.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 6 and
SPSS 12.0 for Windows (SPSS, Inc.). Data of plasma metabolites,
gene expression (AC) and flow cytometry-derived variables
were log transformed, and normality of the data was assessed
by the Shapiro—Wilk normality test. The effects of the HFM in
the placebo and UDCA treatments were tested using the one-
way and two-way ANOVA with Bonferroni post hoc analysis.
Correlations among the relative mRNA levels were analysed
using Spearman’s correlation. Data are presented as means
with their standard errors. Differences at the level of P<0-05
were considered to be statistically significant.

Results
Postprandial changes in plasma metabolites

Evolution of postprandial plasma levels of glycerol, NEFA,
TAG, glucose and insulin in response to the HFM challenge
is shown in Fig. 1. NEFA levels declined after the consumption
of the HFM and then gradually increased during the time
course of the experiment but not above the fasting levels
(Fig. 1(a)). Glycerol and TAG concentrations reached peak
values 3h after ingestion of the HFM (Fig. 1(b) and (c)).
Glucose levels did not alter significantly during the whole inter-
vention (Fig. 1(d)), whereas insulin levels increased 1h after
ingestion of the HFM and remained elevated above the fasting
levels (Fig. 1(e)). Baseline plasma levels of NEFA and glycerol
were lower in the UDCA treatment, though this difference did
not reach a significant level. Thus, no differences in baseline
or postprandial plasma levels of the tested metabolites between
the placebo and UDCA treatments were detected.

Postprandial changes in blood cell populations

At the fasting state, numbers of leucocytes per pl of blood
were not different between the placebo and UDCA treatments
(placebo: 9821 (sE 704) cells/pl; UDCA: 9380 (sE 763) cells/pD).
The HFM challenge significantly increased the absolute num-
bers of monocytes, lymphocytes and granulocytes and the
total numbers of leucocytes (Fig. 2(a) and (b)). This increase
was similar in the presence of UDCA. In addition, the relative
distribution of two main leucocyte populations, namely lym-
phocytes and granulocytes, in the blood changed postpran-
dially, i.e. the relative proportion of lymphocytes decreased,
while that of granulocytes decreased reciprocally in response
to the test meal in the placebo treatment (data not shown).
The relative proportion of monocytes within the whole leuco-
cyte population remained unaltered in response to the HFM
challenge. Given that both the relative distribution of the leu-
cocyte population and the absolute counts of cells were
affected by the consumption of the test meal, the numbers
of events representing gated cells were normalised by
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Fig. 1. Evolution of plasma levels of (a) NEFA, (b) glycerol, (c) TAG, (d) glu-
cose and (e) insulin following a high-fat meal challenge. Values are means,
with their standard errors represented by vertical bars. Mean value was sig-
nificantly different from that of baseline levels in the placebo (-©-) treatment:
* P<0-05, **P<0-01, *** P<0-001. Mean value was significantly different
from that of baseline levels in the ursodeoxycholic acid (-m-) treatment:
1 P<0-05, 11 P<0-01, t11 P<0-001.
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TruCOUNT data (the percentage of positive cells multiplied
with the absolute number of events in either the monocyte,
lymphocyte or granulocyte gate).

The HFM increased the counts of CD147/CD11c* and
CD14%/TLR2" monocytes in both placebo and UDCA
treatments. The counts of CD14"/TLR4T monocytes were
increased after ingestion of the test meal in the placebo treat-
ment only. However, only in the UDCA treatment, the HFM
challenge increased the counts of CD4" and CD8* lympho-
cytes (Fig. 2(c) and (d).

The evaluation of the expression levels of individual surface
markers (expressed as geometric mean fluorescence intensity)
revealed that the HFM enhanced the expression levels of the
activation marker CD1lc in monocytes. This increase was
significant in both placebo and UDCA treatments (Fig. 2(e)).

Postprandial changes in plasma adipokines and
inflammatory cytokines

Plasma levels of leptin, adiponectin, IL-8 and TNF-a did not
alter during the HFM intervention in either the placebo or
UDCA treatment (data not shown). Plasma IL-6 levels
increased gradually over the 4h period in both placebo and
UDCA treatments (Fig. 3). However, in most samples,
plasma levels of IL-18 were under the detection limit.

Postprandial changes in the gene expression levels of
cytokines in peripheral blood mononuclear cells

At baseline levels, CD14™ cells expressed substantially higher
mRNA levels of IL-18, IL-8, MCP1 and TNF-a and lower mRNA
levels of RANTES compared with the CD14~ cell population
(Fig. 4()). Therefore, the effect of the HFM on the expression
levels of IL-1B8, IL-8, MCP1 and TNF-a was analysed in CD147
cells, and of RANTES in CD14" cells.

In CD14™" cells, gene expression levels of all the measured
cytokines were increased in response to the HFM challenge
(Fig. 4(b)—(e)). This increase was similar in both treatments
except for TNF-a that was not altered in response to the
HFM challenge in the UDCA treatment. Subsequently, the
expression levels of two miRNA (miR181a and miR146a)
implicated in the negative regulation of the expression of
TLR2/4 pathway members were analysed (Fig. 4(f) and (g)).
The expression level of miR181a, but not miR146a, was
decreased by the consumption of the test meal in both pla-
cebo and UDCA treatments. The mRNA expression level of
RANTES, a cytokine produced by CD8' lymphocytes, was
decreased in CD14~ cells after ingestion of the HFM in the
UDCA treatment only (Fig. 4(h)). This result was also con-
firmed when the expression of RANTES was normalised to
the pan T-lymphocyte marker CD3g (data not shown). How-
ever, the changes in the mRNA expression levels of all the
measured cytokines in response to the HFM challenge were
not different between the placebo and UDCA treatments as
revealed by the two-way ANOVA.

The expression levels of other genes potentially activated by
dietary fatty acids (i.e. TLR4, TLR2, PPARa and PPARy) were
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Fig. 2. Effect of the test meal on the numbers and activation of leucocytes. The absolute numbers of leucocytes at the fasting (baseline, [J) state were compared
with the numbers of leucocytes 4 h after a high-fat meal (M) challenge in the (a) placebo (Plac) and (b) ursodeoxycholic acid (UDCA) treatments. The number of
cells in the subpopulations of (c) monocytes and (d) lymphocytes out of 10000 events in both Plac and UDCA treatments. (e) Mean fluorescence intensity (MFI)
for CD11c in monocytes. Values are means, with their standard errors represented by vertical bars. Mean value was significantly different from that of baseline
levels: * P<0-05, ** P<0-01, *** P<0-001. M, monocytes; L, lymphocytes; G, granulocytes; leuco, total leucocytes; TLR, Toll-like receptor.

not altered significantly in response to the HFM challenge studied in healthy lean male subjects to model the situation
(Fig. 4(D)—-D). that precedes and could contribute to the development of
obesity and the metabolic syndrome.

. . . First, we documented the effects of the test meal, which was
Postprandial changes in the gene expression of

endoplasmic reticulum markers in CD14" and CD14~
peripheral blood mononuclear cells

selected as a typical example of a Western ‘fast food’ type
of diet, on postprandial plasma changes in major metabolites.
The evolution of NEFA plasma concentration followed

First, we compared the expression levels of ERS markers a known pattern in response to a single mixed meal, i.e.
between the two subpopulations of PBMC. Compared with an immediate sharp decrease in NEFA levels due to the
the CD14" cell population, CD14" cells expressed higher antilipolytic action of insulin, followed by increased NEFA

mRNA levels of ATF4, HSPA5 and DNAJC3, while both cell
populations expressed the levels of EDEM1 and XBP1 to the
same degree (Fig. 5(a)). The expression of ATF3 was restricted
to CD14" cells. In response to the HEM challenge, PBMC did
not alter the expression levels of HSPAS5, ATF4, EDEM1, XBP1
(spliced v. total) and DNAJC3 in either the placebo or UDCA
treatment (Fig. 5(b)—(f)). Nevertheless, the HFM challenge
led to a significant increase in the mRNA levels of ATF3
in CD14% cells in both placebo and UDCA treatments
(Fig. 5(g)). The relative change in A7F3 expression induced
by the test meal correlated with that in 7L-8 expression
(R 0-745, P=0-017), but did not correlate with the change in
the expression of the other cytokines. In addition, baseline
mRNA levels of DNAJC3, EDEM1, ATF4, XBP1s and HSPAS5
correlated with those of RANTES (all correlations reached
R > 07, P<0-03; Fig. 5()).

levels dependent on the spillover fatty acids from chylomicron

British Journal of Nutrition

TAG™®. In contrast, glucose levels remained unaltered in
response to the HFM challenge, as described previously>~'®|
even though some published studies’?~*" have shown peak
glucose levels after a 30 to 60 min period following a mixed
meal challenge. The observed blunted hyperglycaemic

response could be caused by significant absolute and relative

IL-6 (pg/ml)

Discussion : . . )

The aims of the present study were to (1) examine a potential 0 1 2 3 4
association between inflammatory and ERS responses to a Time (h)

HFM in two subpopulations of PBMC representing cells of Fig. 3. Evolution of plasma levels of IL-6 following a high-fat meal challenge.

innate and adaptive immunity and (2) assess the poterltial of Yalues are means,l W|_th their s_tandard errors representfad by verpcal bars.
Mean value was significantly different from that of baseline levels in the pla-

UDCA, a chemical chaperone, to modify or prevent these cebo (-0-) treatment (P<0-05). T Mean value was significantly different from
responses. Postprandial responses to the test meal were that of baseline levels in the ursodeoxycholic acid (-m-) treatment (P<0-05).

09
Downldaded from https://www.cambridge.org/core. INSERM BiblioInserm, on 18 Jun 2018 at 11:55:14, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https:/fdoi.org/10.1017/S0007114514001093



https://doi.org/10.1017/S0007114514001093
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

o

British Journal of Nutrition

Downld
https:/.

578 J. Kracmerova et al.
(a) (b) (c) (d)
5 CD14 —
'g 100 r =——— < CcD14* . cD14+ g CcD14*
8 20 ——— g ar 23
Q o 80 - © = g * %%
X c < * © * %%
0 o © 15 | £ 3F xxx ©
<3 60 |- he] © *EF o 2L
S¢ s T e
E3 40z < 10 2 2t =
m% 1 zZ < b 1
C 4 o 2 o
i~ IS 0-5 c 1 €
2 0 b S o
S ! ®©
o S Ot PR g 00 a3 S
L Vﬁ\ ,\$ AR ~ Plac UDCA Plac UDCA = Plac UDCA
\a
(e) (f) (9) (h)
= CD14* & cD14* ) coiar g cD14
S 3 —— §165p—— § 15— 5151
g e px 5 o] S
5 T z z *
T 2Ff g 10 S 10 [ es 2 10
S =
L < *
< £ z 2
— . — . oo .
DZE: 1 g 0-5 g 05 € 0-5
] n
= 8 5 i
o 0 p 0-0 = 00 4
= Plac UDCA E Plac UDCA E Plac UDCA § Plac UDCA
(i) (j) (k) (1)
° + °© + 5 cD14* +
@ 15 ___ D14 2 15 _conar S 15p—m— & 15 _&
s 2 G s
S5 S < <
- - o o
210 35 10 z 10 z 10
< = < <
z 05 £ o0s Z 05 Z 05
€ € € €
< S < N
< 00 3 00 = 00 % 00
N ' R =i
a Plac UDCA QO Plac UDCA Plac UDCA Plac UDCA

Fig. 4. Effect of the test meal on gene expression in CD14" and CD14 "~ peripheral blood mononuclear cells (PBMC). (a) Comparison of mRNA expression levels
of selected inflammatory cytokines between the CD14" and CD14~ cells. Quantitative RT-PCR (qRT-PCR) analysis of cytokines (b—e, h) and miRNA (f, g) impli-
cated in the regulation of inflammatory pathways in PBMC collected before and 4 h after a high-fat meal (HFM, W) challenge. (i—l) qRT-PCR analysis of genes
potentially activated by NEFA in CD14" cells collected before and 4h after the HFM challenge. Values are means, with their standard errors represented
by vertical bars. Mean value was significantly different from that of baseline (O) levels: * P<0-05, ** P<0-01, *** P<0-001. RANTES, regulated on activation, normal
T-cell expressed and secreted; Plac, placebo; UDCA, ursodeoxycholic acid; MCP1, monocyte chemoattractant protein 1; miRNA, microRNA; TLR, Toll-like receptor.

amounts of fat and proteins in the test meal that have been
shown to reduce postprandial glucose metabolism probably
due to delayed gastric emptying'”*?. Thus, the complexity
of the meal, despite its high absolute (not relative) carbo-
hydrate content, may lead to the paradoxical suppression of
postprandial glucose plasma concentration.

In accordance with previous studies™?®,

leucocytosis was observed in the present study. In line with
l.(4)

postprandial
the results by Hansen ef al."", the test meal used in the present
study increased the absolute numbers of granulocytes in the
blood. These fast changes observed in granulocyte numbers
are probably caused by the release of cells from the marginal
pool (cells residing in the slow-flowing lining fluid of the
vasculature)(z/'). We have also observed an
the absolute counts of lymphocytes and monocytes in the

blood. Tt should be noted that the increase in lymphocyte
(25,26)

increase in

counts may be associated with the circadian rhythm
Nevertheless, the meal used in the present study had higher
total energy, carbohydrate and protein contents than meals

used in the previously cited studies by van Oostrom
et al. >, Thus, these metabolic variables may have a more
important role in the observed activation of lymphocytes
and monocytes than in the circadian rhythm.

Postprandial inflammation was previously characterised by
the increased circulating levels of several inflammatory cyto-
kines®™. We confirmed the postprandial elevation of IL-6
levels. Postprandial increases in plasma IL-6 levels were
reported by others'®”?®. As mRNA levels of IZ-G were barely
detectable in CD14" or CD14~ cells (data not shown), the
elevation of IL-6 levels in the circulation was driven by other
IL-6-producing cells or tissues.

Concerning HFM-induced changes in blood cells, we con-
firmed the finding by Gower et al‘®
CD11c expression on the surface of monocytes after ingestion
of the HFM by healthy volunteers. CD11c is considered as
an activation marker of monocytes because it enhances their
adhesion to endothelial cells and the potential to migrate
into target tissues. Importantly, high-fat diet feeding results

showing increased
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Fig. 5. Effect of the test meal on gene expression in CD14™ and CD14~ peripheral blood mononuclear cells (PBMC). (a) Comparison of mRNA expression levels
of selected endoplasmic reticulum stress (ERS) markers between CD14" and CD14 cells. Quantitative RT-PCR analysis of ERS markers (b—g) in PBMC
collected before and 4h after a high-fat meal (W) challenge. Values are means, with their standard errors represented by vertical bars. ***Mean value was
significantly different from that of baseline levels () (P<0-001). (h) Linear regression between mRNA levels of regulated on activation, normal T-cell expressed
and secreted (RANTES) and HSPAS5 in CD14 ™ cells at the fasting state (R? 0-792, P=0-0006). ATF, activating transcription factor; HSPAS, heat shock 70kDa
protein 5 (glucose-regulated protein, 78 kDa); DNAJC3, DnaJ (Hsp40) homolog, subfamily C, member 3; XBP1, X-box binding protein 1; EDEM1, ER degradation
enhancer, mannosidase alpha-like 1; XBP1s, X-box binding protein 1 spliced; Plac, placebo; UDCA, ursodeoxycholic acid.

in the infiltration of CD11c™ monocytes into adipose tissue in
mice®*Yand these monocytes/macrophages exhibit a pro-
inflammatory M1 phenotype. CD1lc expression has also
been found to increase in blood monocytes of obese subjects
and to positively correlate with homeostasis model assessment
of the insulin resistance index®?. Therefore, a single HFM
may activate monocytes in a similar direction to long-term
overfeeding or obesity. This observation is important with
respect to the fact that a majority of European and North
American people are in a postprandial state most of the day,
and therefore they might be exposed to a potentially harmful
condition long before they become obese.

11

1
2,

We then focused on gene expression in CD14™ (monocytes)
and CD14~ (lymphocytes) PBMC, i.e. cells that are intimately
exposed to metabolite fluctuations, but upon activation also
contribute to the development of inflammation in adipose
tissue in response to overfeeding. Until now, changes in
gene expression induced by a meal were analysed only in
the whole-PBMC population(ls'm’]g). Analysis of such a mix-
ture of cell types could mask the possible differences between
the postprandial responses of mononuclear cells of innate and
adaptive immunity. Therefore, we opted to separate these two
categories of PBMC before gene expression analysis. Remark-
ably, the expression levels of all the tested pro-inflammatory
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cytokines were enhanced after the HFM challenge in CD14%
monocytes. Moreover, we also detected decreased expression
levels of miR181a, a negative regulator of the TLR4/NF-«kB
pathway®. This decrease in miR181a expression following
the HFM challenge could reinforce the synthesis of pro-
inflammatory cytokines. The observed down-regulation of
miR181a expression may be specific for inflammation induced
postprandially, given that the expression level of another
miRNA, miR146a " involved in the negative regulation of
several pro-inflammatory cytokines remained unaltered. As
noted already for CD11c expression, postprandial changes in
the expression of miR181a and pro-inflammatory cytokines
were similar to the changes in their expression associated
with obesity®33>.

Interestingly, we did not detect any changes in the
expression of genes potentially activated by dietary fatty
acids (PPARy and PPARa) in CD14" cells, although these
cells were postprandially exposed to high levels of lipids.
Indeed, it was reported previously that a fatty meal induced
an increase in the content of TAG in leucocytes®”, suggesting
the uptake of NEFA by leucocytes. However, the present data
suggest that several hours of exposure to dietary lipids are not
sufficient to induce substantial expression changes in the reg-
ulators of lipid metabolism in CD14™ cells. The mRNA levels
of TIR2 and TLR4 were not altered in CD14" monocytes by
the HFM challenge, even though we detected higher counts
of CD14/TLR2- and CD14/TLR4-positive monocytes in the
blood. Nevertheless, the level of fluorescence (mean fluor-
escence intensity) of TLR2 and TLR4 on the monocyte surface
was not altered (data not shown), which confirms the results
of mRNA analysis.

To determine whether postprandial inflammation could be
triggered by enhanced ERS, we analysed ERS markers repre-
senting all three arms of unfolded protein response (UPR).
The activation of inositol-requiring enzyme 1 (IRE) leads to
XBP1 splicing, which in turn stimulates the expression of
DNAJC3 and EDEM1 and partially HSPA5 % HSPAS is primar-
ily a target of the ATF6 UPR arm®”. The activation of PRKR-
like endoplasmic reticulum kinase (PERK) is associated with
the up-regulation of ATF4, which in turn induces the
expression of ATF3®®. Following the HFM challenge,
mRNA expression of a majority of ERS markers was not altered
in PBMC. Thus, the classic activation of UPR does not seem to
be the driver of the postprandial increase in the expression
levels of inflammatory cytokines in CD14% monocytes. The
absence of XBP1 splicing was rather surprising as it can be
stimulated by insulin®”,
response to the HFM challenge. It was also reported that
higher activation of XBP1 is detectable in monocytes from
obese subjects and subjects with the metabolic syndrome™.
The finding that the HFM challenge does not initiate ERS in
PBMC also explains the minor effects of UDCA on the
expression levels of inflammatory cytokines. These minor
effects could not be based on the low bioavailability of
UDCA in the blood as pharmacokinetic data show that
UDCA reaches a peak concentration at 60min after oral
administration and its half-life is more than 3d. The ability
of UDCA to modulate the expression levels of inflammatory

and insulin levels were raised in
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cytokines observed in the case of TNF-a in CD14% cells and
RANTES in CD14~ cells is therefore probably unrelated to its
chaperone-like property. Importantly, UDCA has been shown
to have an immunosuppressive potential different from its
effect on ERS due to its ability to activate glucocorticoid recep-
tors and to inhibit the TLR signalling pathway(‘lz). UDCA may
also influence blood cells through binding to the G-protein-
coupled bile acid receptor TGR5“”. However, these effects
were tested mostly in vitro or in patients with primary biliary
cirrhosis, and therefore they cannot be easily extrapolated to
an in vivo condition in healthy men.

The only ERS marker whose expression was postprandially
elevated was ATF3. It mostly acts as a transcriptional repressor
and may thus be part of a counterbalance system in healthy
individuals, protecting them from overactivation of pathways
induced by stress*!=*¥. Therefore, it could be envisioned
that this counterbalance system is impaired in obese and/or
diabetic subjects who suffer from intensified and prolonged
postprandial inflammation®? 6
differences in the expression levels of any putative regulator
of postprandial inflammation between lean and obese subjects
will be crucial for identification of mechanisms leading to
pathological deregulation of this process in metabolically
impaired individuals.

Interestingly, the change in ATF3 expression induced by the
HFM challenge correlated specifically with a change in IZ-8
expression. IL-8 has recently been described as a cytokine
whose expression is altered specifically by the HFM chal-
lenge™®. ATF3 is, however, activated not only by ERS but
also by other various stresses”™ and the absence of the up-
regulation of ATF4 in the analysed CD14% cells of ATF3 in
the classic UPR pathway suggests that the up-regulation of
ATF3 is not associated with the activation of UPR. Moreover,
the lack of an increase in blood glucose concentration after
the HFM challenge suggests that hyperglycaemia-induced oxi-
dative stress is not the trigger of ATF3 expression.

Although we did not find a relationship between HEM-induced
changes in the expression levels of inflammatory cytokines and
most ERS markers, the striking co-regulation of mRNA expression
levels of RANTES and all ERS markers opens the question as to
whether the higher ERS levels in CD14~ cells (probably CD8™
T cells that are the main producers of RANTES“®) could be a
marker of their activation as was previously suggested for the
conditions of acute pathogen infection®.

In conclusion, we demonstrate the evidence that inflam-
mation induced by the HFM challenge in CD14% monocytes
was not accompanied by an activation of a majority of the
investigated ERS markers (HSPA5, XBP1, DNAJC3, EDEM1
and ATF4). Administration of UDCA before the consumption
of the HFM did not alter the expression levels of these ERS
markers. The putative molecular trigger of postprandial
inflammation remains to be established.

> Indeed, careful evaluation of
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Michaela Siklova’

" Department for the Study of Obesity and Diabetes, Third Faculty of Medicine, Charles University, Prague, Czechia,
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Hygiene, Third Faculty of Medicine, Charles University, Prague, Czechia, * INSERM, UMR1048, Obesity Research
Laboratory, Institute of Metabolic and Cardiovascular Diseases, University of Toulouse, Paul Sabatier University, Toulouse,
France, ° Department of Clinical Biochemistry and Sports Medicine, Toulouse University Hospital, Toulouse, France

Objective: Metformin was shown to exert an antilipolytic action in adipose tissue (AT)
that might mediate beneficial effects on lipid metabolism in diabetic patients. However,
during exercise, the inhibition of induced lipolysis in AT would limit the energy substrate
supply for working muscle. Thus, the aim of this study was to investigate whether
metformin exerts inhibitory effect on exercise-induced lipolysis in subcutaneous adipose
tissue (SCAT) (Moro et al., 2007) in humans.

Approach: Ten healthy lean men underwent two exercise sessions consisting of 60 min
of cycling on bicycle ergometer combined with (a) orally administered metformin and (b)
metformin locally administered into SCAT. Microdialysis was used to assess lipolysis in
situ in SCAT. Glycerol, metformin and lactate were measured in dialysate and plasma by
enzyme colorimetric kits and capillary electrophoresis.

Results: Metformin levels increased continuously in plasma during 3 h after oral
administration, and peaked after 3.5 h (peak concentration 4 wg/ml). Metformin was
detected in dialysate outflowing from SCAT and showed a similar time-course as that in
plasma with the peak concentration of 1.3 wg/ml. The lipolytic rate in SCAT (assessed as
glycerol release) increased in response to exercise (4.3 + 0.5-fold vs. basal; p = 0.002)
and was not suppressed either by local or oral metformin administration. The lactate
levels increased in plasma and in dialysate from SCAT after 30-60 min of exercise (3.6-
fold vs. basal; p = 0.015; 2.75-fold vs. basal; p = 0.002, respectively). No effect of
metformin on lactate levels in SCAT dialysate or in plasma during exercise was observed.

Conclusion: Metformin did not reduce the exercise-induced lipolysis in SCAT. This
suggests that metformin administration does not interfere with the lipid mobilization and
energy substrate provision during physical activity.

Keywords: metformin, microdialysis, lipolysis, human adipose tissue, exercise, lactate
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INTRODUCTION

Metformin and physical activity are recommended as the first
therapeutic agents to improve glycemic control in prediabetes
and type 2 diabetes patients (Ortega et al., 2014). Metformin
improves various features of systemic metabolism, such as insulin
sensitivity, glycated hemoglobin levels, or plasma cholesterol in
patients with type 2 diabetes (Robinson et al., 1998). It has
been shown that metformin also reduces plasma concentration
of free fatty acids (FFA) and it was hypothesized that this
reduction was caused partially by inhibition of lipolysis in

adipose tissue (AT) (Flechtner-Mors et al., 1999). In 3T3-
L1 cells as well as in human primary adipocytes metformin
inhibited catecholamine- and ANP-stimulated lipolysis through
activation of AMP-activated protein kinase (AMPK) (Zhang
et al., 2009; Bourron et al., 2010). Thus, it could be hypothesized
that metformin might inhibit the exercise-induced lipolysis
in AT as this is mediated - among other pathways -
by catecholamines and ANP. As the inhibitory effect of
metformin for both of these pathways was demonstrated either
in vitro or in situ condition with pharmacological doses of
metformin, we aimed in this study to verify whether metformin

Protocol 1) oral administration of metformin
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FIGURE 1 | Scheme of the experimental protocols: two probes were connected to a microperfusion pump and perfused at a flow rate 2.5 pl/min. In the Protocol 1:
oral metformin administration, both probes were perfused by sterile Ringer’s solution; after 90 min of equilibration, two basal dialysate fractions were collected in

30 min interval, then the subjects performed 60-min exercise bout at 50-55% VO2peak followed by 60 min of recovery period. Dialysate was collected in 15 min
intervals during exercise and in 30 min intervals at the recovery period. Blood samples were taken in 30 or 60 min intervals. Glycerol and lactate was measured in
dialysate collected from the first probe, metformin pharmacokinetics was analyzed in the dialysate from the second probe. In the Protocol 2: local metformin
administration, the first probe was perfused by sterile Ringer’s solution, the second probe was perfused by Ringer’s solution with 1 mM metformin, (flow rate

2.5 ul/min). After 90 min of equilibration two basal dialysate fractions were collected in 30 min interval, then the subjects performed 60-min exercise bout at
50-55% VO2peak followed by 60 min of recovery period. Dialysate was collected in 15 min intervals during exercise and in 30 min intervals at the recovery period.
Blood samples were taken in 30 or 60 min intervals. Glycerol and lactate were measured in dialysate collected from the both probes.
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FIGURE 2 | In vitro relative recovery (%) of metformin for the microdialysis
probes with cut-off 20 kDa in relation to the flow rate of perfusion (n = 6).
Relative recovery was calculated as the ratio of metformin concentration in
dialysate to concentration in the stock solution.

will inhibit lipolysis also in a physiological condition (i.e.,
exercise).

However, the inhibition of AT lipolysis during physical activity
would affect fatty acids mobilization necessary to supply energy
for working muscle and heart. In this respect, inhibition of
lipolysis by metformin might be considered as undesirable
effect of this drug, and thus metformin administration might
influence the tolerance of an exercise of long duration. Although
metformin was shown to enhance the insulin-sensitizing effect
of exercise in insulin resistant patients (Ortega et al,, 2014),
or to induce higher oxygen consumption and lower lactate
response during exercise (Johnson et al.,, 2008), the effects of
metformin on exercise-induced lipolysis in AT has not been
investigated, yet. Thus, in this study, we examined the effect of
metformin on lipolysis in subcutaneous adipose tissue (SCAT)
during an acute bout of exercise using microdialysis technique
in situ in healthy lean men. It should be mentioned, that this
study was carried out in young healthy lean men, as in obese
or in diabetic patients the exercise-induced or catecholamine-
stimulated lipolysis is impaired (Stich et al., 2000b; Verboven
et al., 2016) and the possible antilipolytic effect of metformin
could be masked. Thus, we aimed to demonstrate the antilipolytic
effect of metformin during exercise in standard physiological
condition. Moreover, we have assessed pharmacokinetics of
metformin in the dialysate outflowing from SCAT after a
single oral administration of metformin. The study could bring
important evidence based recommendations to combination of
physical activity and metformin therapy.

MATERIALS AND METHODS

Subjects

Ten lean men (age 27.2 & 0.4 years; BMI 23.6 + 0.5 kg/m?)
were recruited for the study. Exclusion criteria were: no weight
change within 3 months before the study, smoking, hypertension,
impaired fasting glucose, diabetes, hyperlipidemia, drug, or

alcohol abuse. This study was carried out in accordance with the
recommendations of The Ethical committee of the Third Faculty
of Medicine (Charles University, Prague, Czechia). The protocol
was approved by the Ethical committee of the Third Faculty
of Medicine (Charles University, Czechia). All participants
provided written informed consent prior the start of the study.

Experimental Protocol
The subjects underwent complete clinical investigation in the
fasted state, including anthropometric and body composition
measurement (Bodystat QuadScan 4000; Bodystat Ltd., British
Isles). After that the catheter was placed in their antecubital
vein, and two microdialysis probes (20 mm x 0.5 mm; 20 kDa
cutoff; Carnegie Medicine, Stockholm, Sweden) were inserted
percutaneously after epidermal anesthesia (1 mL of 1% Mesocain,
Zentiva, Czechia) into the SCAT at a distance of 10 cm from
the umbilicus. The probes were connected to microperfusion
pump (Harvard Apparatus, France) and perfused at a flow rate
2.5 pl/min. Subjects performed two protocols consisting of a
60 min exercise bout with at least 1 week interval between
them, in random order. The exercise intensity corresponding
to 55-60% of coronary heart rate reserve calculated according
to Karvonen formula (Karvonen et al., 1957) was chosen
as it represents optimal intensity for significant increase of
lipolysis in healthy lean men (Moro et al., 2007). In protocol 1,
metformin (Teva Pharmaceuticals, Czechia) was administered
orally (2250 mg/single dose) 2.5 h before the start of the
exercise. Both microdialysis probes were perfused with Ringer
solution. In the dialysate from one probe glycerol and lactate
concentrations were measured. In the dialysate from the second
probe metformin concentration was measured. In protocol 2,
metformin was administered locally into SCAT by perfusion
into one microdialysis probe (1 mM, 2.5 pl/min). The second
probe was perfused by Ringer solution (control). Glycerol and
lactate concentrations were measured in the dialysate collected
from both probes. According to reported pharmacokinetics of
metformin in plasma, the exercise bout was subjected at expected
peak levels after one-dose metformin administration (FDA;
2.64 £ 0.82 h). The detailed protocol description is depicted in
Figure 1.

In in vitro experiment, the recovery of metformin through
microdialysis probe was assessed using zero-flow method as
described before (Siklova-Vitkova et al., 2009).

Plasma Analyses

Plasma levels of glucose, insulin, and lipid parameters were
determined using standard methods in certified laboratories.
FFA in plasma, and glycerol in plasma and dialysate were
measured using enzymatic colorimetric kits (Randox, Crumlin,
United Kingdom). Lactate and metformin in dialysate and
plasma were analyzed by capillary electrophoresis, as described
before (Tuma, 2014).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6
(GraphPad Software, Inc., San Diego, CA, United States). The
differences in the concentration of analytes (glycerol, lactate,
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FIGURE 3 | Time-course of metformin, glycerol, FFA, and lactate during experimental exercise protocols with or without metformin treatment: (A) metformin levels in
plasma and in dialysate outflowing from SCAT after oral administration of metformin; (B) glycerol levels in dialysate outflowing from SCAT; (C) lactate levels in
dialysate outflowing from SCAT; (D) FFA levels in plasma; (E) glycerol levels in plasma; (F) lactate levels in plasma. Values are means + SEM represented by vertical
bars. Significant difference from of pre-exercise levels (baseline): *p < 0.05, **p < 0.01, **p < 0.001 (One-way ANOVA with Bonferroni post hoc analysis).
~significant values apply to all three curves. SCAT, subcutaneous adipose tissue; FFA, free fatty acids.

metformin, FFA) in time during experimental protocols were
analyzed by One-way ANOVA with Bonferroni post hoc analysis.
The difference in concentration of analytes (glycerol, lactate,
metformin, FFA) in plasma or dialysate between the Protocol 1
and 2 or between the two probes in Protocol 1 was analyzed using
Two-way ANOVA with Bonferroni post hoc analysis. Data are
presented as mean + SEM. Differences at the level of p < 0.05
were considered statistically significant.

RESULTS

In Vitro Relative Recovery of Metformin

Relative recovery (Bourron et al., 2010), defined as the ratio of
“metformin concentration in dialysate outflowing from the probe”
and “metformin concentration in stock solution,” was determined
for different flow rates. The relationship between RR and the
perfusion flow rates is presented in Figure 2. The flow rate of

Frontiers in Physiology | www.frontiersin.org

1f9

May 2018 | Volume 9 | Article 604


https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

Krauzova et al.

Metformin and Exercise-Induced Lipolysis in Humans

TABLE 1 | Anthropometric and biochemical parameters of the subjects.

healthy lean men (n = 10)

Age (years) 272+1.4
Weight (kg) 791 7.7
BMI (kg/m?) 236+ 1.6
Fat mass (%) 1156+ 3.6
Fat-free mass (%) 88.5 + 3.6
Cholesterol (mmol/L) 3.7+06
HDL-C (mmol/L) 1.3+02
Triglycerides (mmol/L) 0.7 £0.1
Glucose (mmol/L) 50+0.3
Insulin (MU/L) 3.7+18
HOMA-IR 0.8+04

Data are presented as mean + SD; BMI, body mass index; HOMA-IR, homeostasis
model assessment of the insulin resistance index; HDL-C, HDL cholesterol.

2.5 pl/min was chosen as the best compromise between the
magnitudes of RR and flow rate for all further experiments.

Pharmacokinetics of Metformin in the
Dialysate From Adipose Tissue After
Single Oral Dose

After administration of a single dose of 2250 mg the metformin
levels were steadily increasing in plasma as well as in SCAT
dialysate for 3.5 h and declined thereafter (Figure 3A).
Concentration of metformin in dialysate outflowing from
SCAT ranged between 0.44 and 1.34 pg/mL, which represent
approximately 30% of the concentration in plasma (Figure 3A).

Effect of Locally and Orally Administered
Metformin on Lipolysis in SCAT During

Exercise

Ten healthy lean men underwent two experimental protocols
with acute bout of exercise and metformin administration: (1)
orally (2250 mg/acute dose) 2.5 h before the start of exercise;
(2) locally directly into AT by microdialysis probe (1 mM,
2.5 pl/min). Anthropometric and biochemical parameters of the
subjects, who underwent the experimental protocol are shown in
Table 1.

The glycerol concentration in the dialysate from SCAT
increased during exercise (4.3 % 0.5-fold vs. basal; p = 0.002).
There was no difference in dialysate glycerol response after
oral administration of metformin in Protocol 1 when compared
with the glycerol response in the control (i.e., probe perfused
with Ringer) in Protocol 2. In Protocol 2, there was no
difference in the glycerol response in the probe with locally
perfused metformin when compared with the response in
control probe perfused with Ringer (Figure 3B). Thus, neither
type of metformin administration had inhibitory effect on
lipolysis induced in SCAT by a single bout of exercise.
Similarly, the oral administration of metformin had no effect
on circulating glycerol (p = 0.46) and fatty acid levels in
plasma (p = 0.18) (Figures 3D,E) at the end of exercise in
210 min.

The lactate levels increased in plasma and in dialysate from
SCAT after 30-60 min of exercise (3.6-fold vs. basal; p = 0.015;
2.75-fold vs. basal; p = 0.002; respectively) (Figures 3C,F).
Metformin administration did not affect lactate concentration in
dialysate (Figure 3C) or in plasma (Figure 3F).

DISCUSSION

In this study we have demonstrated that metformin is distributed
in SCAT after single oral dose administration, and that
metformin administration exerts no inhibitory effect on exercise-
induced lipolysis in healthy lean men.

Pharmaco-kinetics measurements have shown that maximal
metformin plasma concentrations are typically reached after
2.64 £ 0.82 h (FDA) after orally administered dose. Similarly, in
the current study we observed maximal concentrations between
180 and 210 min after the oral administration in SCAT and
in plasma. Mean dialysate concentrations were approximately
30% of those in plasma. According to in vitro metformin
recovery (80%) the concentration in SCAT interstitium might
be estimated as 0.55 - 1.68 pwg/mL. Nevertheless, the recovery
of the probe in vivo may differ from that in vitro as we
have shown before (Siklova-Vitkova et al., 2009), thus these
values have to be considered with caution. The limitation
of the present study is that it was not possible to measure
precise in vivo recovery (i.e., concentration) of metformin in
SCAT in our subjects, as the “stable-in time” concentration of
metformin in SCAT is a necessary condition for the zero-flow
method.

It was shown previously, in human and rodent isolated
adipocytes, that metformin treatment inhibited catecholamine
and ANP-stimulated lipolysis through its action on AMPK
(Zhang et al., 2009; Bourron et al., 2010). Metformin activation
of AMPK led to the inhibition of phosphorylation of HSL
preventing HSL translocation to lipid droplet (Bourron et al.,
2010). However, the inhibition of stimulated lipolysis during
exercise might be regarded as unfavorable process as fatty acids
released by adipose tissue serve as energy substrate for other
organs, especially for working muscle.

Importantly, no inhibition of exercise-stimulated lipolysis in
SCAT by in situ or oral metformin administration was found
in the present study. It should be emphasized that previously
reported studies dealt with in vitro systems (isolated adipocytes)
(Zhang et al, 2009; Bourron et al, 2010) and employed
supraphysiological (2 mM) concentration of metformin, i.e.,
approximately 200 times higher than that found in adipose
tissue in this study. In vivo inhibition of lipolysis in SCAT was
shown only after local stimulation of the adrenergic pathway in
one study (Flechtner-Mors et al., 1999). Our protocol employs
physical activity, which represents physiological and more
complex trigger of lipolysis. During local administration, we
used high concentration of metformin in perfusate, similar as
in published study (Flechtner-Mors et al., 1999). It was much
higher than during orally given dose (2550 mg - submaximal
recommended dose). Nevertheless, on both occasions no
antilipolytic effect was detected in SCAT, which shows that the
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lack of effect is independent on the local concentration of the
metformin in AT.

We used the given exercise intensity as it represents an optimal
model to increase lipolysis in SCAT in healthy lean men as shown
by Moro et al. (2007). The similar intensity was used in our
previous studies focused on lipolysis regulation in SCAT during
exercise (Stich et al., 2000a,b).

It should be considered, when interpreting this study, that
it was performed in young healthy lean men, while the study
Bourron et al. (2010) was carried out in normal to moderately
overweight women and the study of Flechtner-Mors et al. (1999)
in severely obese women. The impact of metformin on exercise-
induced lipolysis in diabetic patients would be warranted in
future studies. Furthermore, taken into account that exercise-
induced lipolysis is gender-specific (Arner et al.,, 1990; Moro
et al., 2007), it may not be excluded that metformin effect during
exercise would be gender-specific, too.

A wide range of regulatory and signaling pathways may play
a role in the lipolysis regulation, such as cytokines/myokines
IL-6, IL-15 (Ajuwon and Spurlock, 2004), insulin, or FGF21
(Hotta et al., 2009). Indeed, metformin may interfere with these
pathways, as it is able to inhibit IL-6 and insulin signaling
(Kisfalvi et al., 2009; Li et al., 2014), or FGF21 expression (Kim
et al, 2013). Also the role of AMPK in exercise stimulated
lipolysis remains controversial (Gaidhu and Ceddia, 2011).
Thus, the detailed effects of metformin on AMPK and/or other
signaling pathways during physiological conditions, such as
physical activity, needs to be investigated in future studies.

It was reported that metformin administration may increase
lactate production in diabetic subjects, which may lead to the
development of lactate acidosis (Wills et al., 2010). The SCAT
is one of the sources of lactate production (Jansson et al., 1990),
therefore we analyzed its levels in dialysate and in plasma during
exercise. The increase of lactate levels in plasma was observed
after 30 min and in SCAT after 60 min of exercise, which
suggests that the exercise work-loads applied in this study were
close to the individual anaerobic thresholds. However, there
was no effect of orally or locally administered metformin on
evolution of lactate levels in plasma or in SCAT. This is in
line with previous reports, which observed that metformin did
not alter circulating lactate concentration during acute bout of
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Summary

The aim of this study was to investigate the time-course of the
expression of key lipolysis-regulating genes in the
subcutaneous adipose tissue (SCAT) during different phases of
a 6-month dietary intervention. Fifteen obese women (BMI
34.7+1.0 kgm™) underwent a 6-month dietary intervention
consisting of 1 month very low calorie diet (VLCD), followed by
2 months low calorie diet (LCD) and 3 months weight
maintenance diet (WM). At each phase of the dietary
intervention, a needle microbiopsy of the abdominal SCAT was
obtained to evaluate mRNA expression of key lipolysis-
regulating genes and a hyperinsulinemic euglycemic clamp
(HEC) was performed. Dietary intervention induced a body
weight reduction of 9.8 % and an improvement of insulin
sensitivity as assessed by a HEC. Compared to pre-diet levels,
mRNA levels of the adrenergic B,-receptor in SCAT were higher
at the end of VLCD and not different at the end of LCD and
WM. In contrast, the expression of the adrenergic a,-receptor
was lower at the end of VLCD and LCD compared to the pre-
diet levels and did not differ at WM. Adipose triglyceride lipase
and hormone-sensitive lipase levels were lower than the pre-
diet levels at the end of LCD only, while phosphodiesterase-3B
and the insulin receptor levels did not change throughout the
dietary intervention. The results suggest that the regulation

pattern of the genes that are involved in the control of lipolysis

is different at the respective phases of the dietary intervention
and depends on the duration of the diet and the status of

energy balance.
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Introduction

Traditional weight-reducing hypocaloric diets as
well as bariatric surgery interventions lead to an
improvement in metabolic status of obese subjects
already during the early stages of the intervention. It has
been suggested that the early improvement in metabolic
status is associated with calorie restriction per se —
eventually combined with a mild initial weight loss —
while the later beneficial metabolic effects are linked to
sustained weight loss only (Hensrud 2001, Gumbs et al.
2005). Adipose tissue lipolysis has been suggested as one
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of the candidate mechanisms underlying the obesity-
related metabolic disturbances, namely insulin resistance
1994a,b).
catecholamine-mediated lipolysis was demonstrated in

(Reynisdottir et al. Moreover, impaired
first-degree relatives of obese subjects (Hellstrom et al.
1996a) which suggests an association between blunted
catecholamine-induced  lipolysis and  excessive
accumulation of body fat.

Therefore, in the present study we aimed to
follow the evolution of whole-body insulin sensitivity
and the evolution of expression of genes involved in
lipolysis regulation in adipose tissue (AT) during a
dietary intervention (DI) which consisted of multiple
phases. The first phase of the diet consisted of one month
severe calorie restriction using a very low calorie diet
(VLCD) of 3000 kJ/d. The subsequent phase consisted of
2 months low calorie diet (LCD) with a calorie intake of
5000-6000 kJ,

maintenance diet (WM). This model provides an

followed by a 3 month weight
opportunity to study the “lipolysis — metabolic status —
energy status” relationship.

Previous studies that reported mRNA data of
genes involved in lipolysis regulation in AT during
dietary interventions yielded various results, possibly
related to differences in duration and severity of the diet
as well as to the characteristics of the study populations.
For example, the mRNA and protein levels of hormone-
sensitive lipase (HSL) in subcutaneous AT (SCAT) of
obese subjects were reduced after 8-12 weeks of diet
(Reynisdottir et al. 1995, Jocken et al. 2007), while no
differences or an increase in the HSL protein level were
reported for dietary interventions with a shorter duration
(4 weeks of VLCD) (Hellstrom et al. 1996b, Stich et al.
1997). Capel et al. (2009) showed that the regulation of
adipocyte and macrophage genes during a multi-phase
diet was dependent on the phase of the diet, namely the
metabolism-related genes predominantly expressed in
adipocytes were downregulated during energy restriction
and upregulated during weight stabilization, while the
genes related to immune functions that were
predominantly expressed in macrophages were not
changed or upregulated during energy restriction and
downregulated during weight stabilization. Similar results
were demonstrated regarding the regulation of lipolysis in
shown that the

responsiveness of SCAT to adrenergic regulation of

situ: in obese women it was
lipolysis varied during the respective phases of the diet
(Koppo et al. 2012).

In the present study, we explored the lipolysis
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regulation at the transcriptional level and measured
mRNA expression of key lipolytic genes in needle
biopsy-derived samples of SCAT in a group of obese
women that followed the above mentioned multiple-
phase dietary intervention. In each individual, the SCAT
samples were obtained at baseline and at the end of
each dietary phase. At each phase of the diet, the whole-
body
hyperinsulinemic euglycemic clamp. We demonstrated

insulin sensititivity was measured using a
that the lipolysis is regulated at the transcriptional level
during a multiple-phase dietary intervention and that the
regulation during the early phase of the diet differs from
that during the

relationship between the evolution of gene expression and

later periods. No straightforward

that of insulin sensitivity was found.
Methods

Subjects

Fifteen obese premenopausal women were
recruited for the study (Table 1). They all had a stable
weight during the 3 months that preceded the study.
Exclusion criteria were hypertension, diabetes,
hyperlipidemia treated by drugs, drug-treated obesity,
drug or alcohol abuse, pregnancy or participation in other
studies. All subjects were fully informed about the aim
and the protocol of the study and signed an informed
consent approved by the Ethics committee of the Third
Faculty of Medicine of the Charles University (Prague,

Czech Republic).

Dietary intervention

During the first month of the dietary intervention
program, subjects received a 3000 kJ/d VLCD (liquid
formula diet; Redita, Promil, Czech Republic). During
the next 2 months, a LCD was designed to provide
2500 kJ/d less than the individually estimated energy
requirement based on an initial resting metabolic rate
multiplied by 1.3 (the coefficient of correction for
physical activity level, Toubro ef al. 1996.). The final
3 months consisted of a WM diet during which subjects
kept a stable weight. Subjects consulted a dietician once a
week during the first 3 months and once a month during
the WM phase. They provided a written 3-days dietary
record at each consultation. Subjects were instructed not
to change the level of their leisure time physical activity
during the intervention. This was monitored by self-
reported questionnaires.



2013

Diet-Induced Changes in mRNA Levels in Obese

Table 1. Subjects’ characteristics.

529

Pre-diet VLCD LCD WM
Weight (kg) 94.9 +3.4 87.9+32° 85.2+3.2%° 85.6 +3.2%°
BMI (kg/m?) 347+ 1.0 32.1+1.0° 31.1+1.0%° 313+ 1.0%
Fat mass (kg) 382+2.7 32.7+24° 29.7+2.0%° 30.6+£24°
Fat free mass (kg) 56.8+ 1.4 552+1.5° 556+ 1.7 55.1+1.5°
Waist circumference (cm) 102.9+3.1 97.2+3.3% 95.4+33% 95.1 £3.2%°
Cholesterol (mmol/l) 48+0.1 3.9+02° 43+02% 46+02°
HDL cholesterol (mmol/l) 1.10 £ 0.09 0.94+0.07° 1.12+0.08" 1.22 +0.06 *>¢
Triglycerides (mmol/l) 1.57+0.21 1.12+0.10° 1.11+0.10° 1.07 £0.06°
Glycerol (umol/l) 222 +£21 157+10° 140 +£17° 142 £12°
NEFAs (umol/l) 653 + 45 684 + 46 553 +50*° 515+532°
Fasting glucose (mmol/l) 5.6+0.1 54+0.2 5.5+0.1 53+0.2
Fasting insulin (mU/l) 124£2.0 6.7+0.6° 56+06° 73+£0.7%
GDR (mg/kg.min) 3.1+04 3.9+0.5° 43+05° 43+£04°

BMI: body mass index, HDL: high-density lipoprotein, NEFAs: non-esterified fatty acids and GDR: glucose disposal rate normalized to kg
of body weight. @ = significantly different from pre-diet values (P<0.05), ® = significantly different from VLCD (P<0.05), ¢ = significantly

different from LCD (P<0.05).

Experimental protocol

On four occasions (i.e. before the start of the
dietary intervention (baseline) and at the end of the
VLCD, LCD and WM phase, respectively) subjects
entered the laboratory at 8.00 a.m. after an overnight fast.
A complete clinical investigation was performed,
anthropometric parameters were measured and body
composition was determined with multifrequency
bioimpedance (Bodystat QuadScan 4000; Bodystat Ltd.,
Isle of Man, British Isles). Subsequently, subjects were
placed in a semi-recumbent position. Venous blood
samples were taken from an antecubital vein in order to
determine the blood parameters related to lipid and
carbohydrate metabolism. A needle microbiopsy of the
abdominal SCAT (14-20 cm lateral to the umbilicus) was
performed under local anesthesia (1% Xylocaine;
AstraZeneca PLC, London, UK) as previously described
(Klimcakova et al. 2006) to evaluate mRNA of key genes
that are involved in SCAT lipolysis regulation. The
samples were frozen immediately in liquid nitrogen
and stored at —80 °C until analysis. Finally, a 3-h
(HEC) was
performed to determine the glucose disposal rate.

hyperinsulinemic  euglycemic  clamp

Hyperinsulinemic euglycemic clamp

HEC was performed according to the DeFronzo
method (DeFronzo ef al. 1979). Priming plus continuous
infusion of crystalline human insulin (Actrapid Human;
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Novo, Bagsvaerd, Denmark), 40 mU/m? body area " min,
was given for 180 min. Euglycemia (the fasting blood
glucose concentration) was maintained by a variable
20 % glucose infusion. The infusion rate was determined
by measuring arterialized plasma glucose every 5 min
(Beckman Glucose Analyzer; Beckman Coulter Inc.,
Fullerton, CA, USA).

Quantification of mRNA analysis

Total RNA was extracted from the adipose tissue
biopsy samples with an RNeasy Mini kit (Qiagen,
Valencia, CA) and reverse transcribed using random
hexamers (Promega Corp., Madison, WI) and SuperScript
II Reverse Transcriptase (Invitrogen Corp., Carlsbad,
CA). Real-time quantitative PCR was performed with
TaqMan probe-based gene expression assays (Applied
Biosystems, Foster City, CA). An 18S ribosomal RNA
was used as control to normalize gene expression
(Ribosomal RNA Control TagMan Assay kit; Applied
Biosystems). Each sample was performed in duplicate
and 10 ng cDNA was used as a template for real-time
PCR. The relative expression was calculated using the
AACt method (Livak and Schmittgen 2001).

Drugs and biochemical determinations

Plasma glucose was determined with a glucose
hexokinase technique (Konelab 60i, Labsystems CLD,
Konelab, Finland). Plasma insulin concentrations were
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Table 2. Expression of lipolytic genes before and during the respective phases of the multi-dietary intervention.
Pre-diet VLCD LCD WM
ADRA2A 0.079 £ 0.008 0.058 +£0.008° 0.050 £0.005% 0.065 £ 0.008
ADRB?2 0.17+0.01 0.21+0.02° 0.19+0.01 0.18 +0.01
PDE3B 0.94 +0.06 0.82+0.07 0.87 £0.06 0.87 +£0.05
INSR 0.57+0.04 0.63 +£0.04 0.62 £0.04 0.63 +£0.03
HSL 4,71 £0.29 4.53+£0.29 411+£031% 4.31+0.20
ATGL 4.15+0.23 3.61+£0.24* 3.67+0.20° 3.99+0.16

ADRA2A: adrenergic axs-receptor, ADRB2: adrenergic B,-receptor, PDE3B: phosphodiesterase-3B, INSR: insulin receptor, HSL:
hormone-sensitive lipase and ATGL: adipose triglyceride lipase. Values shown in the table represent mRNA levels (x10%).

? = significantly different from pre-diet values (P<0.05), * p=0.076.

measured using a chemiluminescent immunometric assay
(Immulite 2000 Insulin, DPC Czech sro, Brno, Czech
Republic). Other laboratory analyses (lipids) were
standard  biochemical

performed using laboratory

methods.

Statistical analysis

All values are presented as means = SEM.
Statistical evaluation of the data was performed using
ANOVA for repeated measures with an LSD post-hoc
test (SPSS statistical software, version 19, SPSS Inc,
Chicago). Correlations between mRNA gene expression
and the diet-induced change in body fat mass were
examined with the Pearson correlation coefficient.
Significance was determined at P<0.05.

Results

Anthropometric and plasma parameters of subjects
during the different phases of the diet

Pre-diet values and values measured at different
phases during the weight reduction program (i.e. at the
end of VLCD, LCD and WM) are reported in Table 1.
Subjects’ body weight progressively decreased during
VLCD and LCD and stabilized during WM. The loss in
body weight was mainly due to a decrease in fat mass.
Plasma triglycerides were significantly lower at the end
of VLCD, LCD and WM compared to the pre-diet values.
Similarly, baseline insulin levels were significantly lower
at the end of VLCD, LCD and WM (Table 1). The
glucose disposal rate (GDR) normalized to body weight
significantly increased at the end of VLCD and the
increase was maintained at the end of LCD and WM
(Table 1).
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Effect of the dietary intervention on gene expression
SCAT mRNA levels of key genes involved in
adipose tissue lipolysis regulation, i.e. the adrenergic B,-
receptor (ADRB2), adrenergic o;5-receptor (ADRA2A),
adipose triglyceride lipase (ATGL), hormone-sensitive
lipase (HSL), phosphodiesterase-3B (PDE3B) and insulin
receptor (INSR), were quantified (Table 2). ADRB2
expression significantly increased at the end of VLCD
when compared with the pre-diet baseline level and then,
at the end of LCD and WM, returned to the pre-diet
baseline levels. The expression of ADRA2A was
significantly lower at the end of VLCD and LCD
compared to the pre-diet baseline and increased back
towards the pre-diet levels during WM. Expression of
PDE3B INSR did not
throughout the intervention. The diet-induced adaptation
of HSL and ATGL was similar: mRNA levels of the two
lipases were significantly lower at the end of LCD

and significantly change

compared with pre-diet levels and returned to the pre-diet
levels at the end of WM. At the end of VLCD, ATGL
levels were lower than the pre-diet levels but the
difference was not significant (P=0.076).

Associations between the diet-induced changes of clinical
variables and mRNA levels

No significant correlations between the pre-diet
baseline mRNA expression of the genes explored and the
diet-induced change in body fat mass during VLCD
were observed: r = 0.076 for ADRA2A, r = —0.159 for
ADRB2, r = —0.001 for PDE3B, r = —0.147 for INSR,
r =-0.266 for HSL and r = —0.174 for ATGL. Similarly,
no significant correlations between the pre-diet baseline
mRNA expression of the genes and the diet-induced
change in body fat mass during the entire 6-month
intervention were observed: r = —0.018 for ADRA2A,
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r = 0.064 for ADRB2, r = 0.052 for PDE3B, r = —-0.060
for INSR, r = —0.056 for HSL and r = —0.004 for ATGL.
When attention was paid to the predictive power of the
diet-induced changes of mRNA levels during the early
intervention (VLCD),
correlations were found between VLCD-induced changes

phase of the no significant
of mRNA levels of the respective genes and the diet-
induced reduction of body fat mass either during VLCD
(r=0.278 for ADRA2A, r =0.192 for ADRB2, r = 0.240
for PDE3B, r = 0.073 for INSR, r = 0.143 for HSL and
r = 0.147 for ATGL) or during the entire 6-month
intervention (r = —0.085 for ADRA2A, r = —0.101 for
ADRB2, r = -0.128 for PDE3B, r = —0.304 for INSR,
—0.254 for HSL and r =—-0.200 for ATGL).

Discussion

Results of the present study demonstrate that
multi-phase dietary intervention modifies the expression
of key genes involved in SCAT lipolysis control and that
the status
intervention is an important determinant of the lipolysis

of energy balance during the dietary
genes regulation. These findings are in agreement with
previous research in humans (Vitkova et al. 2007, Capel
et al. 2009, Kovacikova ef al. 2010) and in experimental
models (Kosteli et al. 2010) that showed that the diet-
induced changes of adipose tissue expression of genes
related to metabolism or immune function are strongly
dependent on the phase of the diet.

One of the regulators of lipolysis that received
substantial attention in dietary intervention studies are
catecholamines as they are believed to be one of the
major players that regulate lipid mobilization in adipose
tissue. Most of the studies that examined the lipolytic
response to B-adrenergic stimulation after 3-12 weeks
VLCD reported an increased lipolytic response in situ
(Barbe et al. 1997, Flechtner-Mors et al. 1999, Sengenes
et al. 2002) and in vitro (Stich et al. 1997, Wahrenberg et
al. 1999). After 15-weeks LCD, the maximal lipolytic
response to isoprenaline (a B-adrenoreceptor agonist) was
unchanged when compared to the pre-diet level, while the
B-adrenoreceptor lipolytic sensitivity was increased
1999). The
o-adrenoceptor mediated anti-lipolytic action in isolated

in isolated adipocytes (Mauriége et al.

adipocytes was found to be unchanged after 4-12 weeks
VLCD (Kather ef al. 1985, Stich et al. 1997, Wahrenberg
et al. 1999) and to be reduced after 12-15 weeks LCD in
vitro (Mauriége et al. 1999) and in situ (Stich et al.
2002). Results of the above mentioned single-phase
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dietary intervention studies were in agreement with a
recent study in which the SCAT lipolysis was examined
during a long-term multi-phase diet (Koppo et al. 2012).
The authors reported that the adrenaline-induced SCAT
lipolysis in vivo was enhanced during the calorie-
restricted phases of the diet and returned back to the pre-
diet levels during the WM phase. The diet-induced
changes in SCAT lipolysis were rather related to a
decreased o,-adrenergic regulation than to an increased
B-adrenergic regulation (Koppo et al. 2012). Changes in
postreceptor signaling pathways as well as changes in
density of the adrenoceptors should be considered as
possible mechanisms that underlie the changes in
lipolytic responsiveness during the dietary intervention.
It was found that in SCAT of obese women the
density VLCD
compared with the pre-diet levels, while the op-

B-adrenoreceptor increased  after
adrenoreceptor density remained unchanged (Mauriége et
al. 1999, Wahrenberg et al. 1999). On the transcriptional
level, it was reported that, after 12 weeks of LCD, SCAT
ADRA2A mRNA levels decreased and ADRB2 mRNA
levels did not change compared with the pre-diet
condition in obese women (Stich ef al. 2002). The present
study investigated the changes in adrenoceptor gene
of the

intervention in the same individual. The lipolytic ADRB2

expression during different phases dietary
gene was up-regulated after VLCD, and not after LCD
and WM, while the anti-lipolytic ADRA2A gene was
down-regulated after VLCD and LCD. After WM, the
adrenoceptor mRNA levels returned back to the pre-diet
values. Although there are many intermediate steps
between the adrenergic regulation of SCAT lipolysis in
vivo and the transcriptional level of the adrenoceptor gene
expression, these findings parallel the results of our
previous study mentioned above (Koppo et al. 2012) in
which adrenergic regulation of lipolysis was investigated
in situ using microdialysis. Indeed, in that study, the
o,-mediated antilipolytic action was reduced in situ at
VLCD and LCD, similarly to the evolution of ADRA2A
mRNA levels. In contrast, the B-adrenoceptor-mediated
stimulation of lipolysis in situ increased at VLCD and
went back to pre-diet levels, similarly to ADRB2 mRNA
levels.

Another important lipolysis-regulating pathway
is that of insulin. In the present study mRNA levels of
PDE3B and INSR were explored. The anti-lipolytic effect
of insulin is mediated through activation of PDE3B; more
insulin  activates

specifically, phosphatidylinositol

3-kinase serine kinase, the kinase that activates PDE3B,
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through binding to INSR (Rondinone et al. 2000). The
activation of PDE3B promotes cAMP degradation, which
in turn inactivates protein kinase A (PKA) that reduces
phosphorylation of lipases and perilipins. In the present
study, no changes in mRNA levels of PDE3B and INSR
were observed throughout the dietary intervention. It
cannot be excluded that a change in the activation of
PDE3B might have occurred. Nevertheless, in situ data
also suggest a lack of change in insulin sensitivity of
adipose tissue during this dietary intervention: it was
reported that, during a hyperinsulinemic euglycemic
clamp performed at different time points of a multi-phase
diet, the decrease in SCAT dialysate glycerol was similar
at the respective phases of the diet. This demonstrated
that the anti-lipolytic effect of insulin did not change
throughout

the dietary intervention during which

subjects’ whole-body insulin
(Koppo et al. 2012).

In the present study we also focused on the two

sensitivity improved

lipases that are involved in the lipolytic pathway. ATGL
and HSL are cytosol lipases that hydrolyze intracellular
triacylglycerols (TAGs) into glycerol and NEFA. HSL
has been considered to be the enzyme that catalyzes the
rate-limiting step of adipose tissue lipolysis. However,
more recently it was reported that the overexpression of
ATGL may increase basal lipolysis while its inhibition
suppresses stimulated lipolysis (Bezaire et al. 2009).
HSL gene
expression, it was reported that glucose deprivation

Regarding the factors that influence
(Raclot ef al. 1998) as well as a sustained activation of
the PKA pathway (Plée-Gautier et al. 1996) down-
regulated the HSL gene. Taking into account that during
the calorie-restricted phases of the diet, glucose intake is
limited and the stimulated SCAT lipolysis (and thus the
activation of the PKA pathway) is enhanced, it can be
hypothesized that the HSL gene would be down-regulated
during the calorie-restricted phases. Indeed, mRNA levels
of HSL were significantly lower at the end of LCD
(12" week of diet) compared with pre-diet levels, but no
changes were observed at the end of VLCD (4™ week of
diet). In accordance with these findings, the HSL mRNA
and protein levels in SCAT of obese subjects were
reduced after 8-12 weeks of different types of diet
(Reynisdottir et al. 1995, Jocken et al. 2007), while no
differences or an increase in HSL protein level were
reported for dietary interventions with a shorter duration
(4 weeks of VLCD) (Hellstrom et al. 1996b, Stich et al.
1997). The duration of the calorie restriction seems to
play an important role in the regulation of the lipase
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expression. Similarly to HSL, ATGL mRNA and protein
level were shown to be decreased in SCAT of obese
subjects that had followed a 10 week low-fat or medium-
fat diet (Jocken ef al. 2007). Also in the present study,
mRNA levels of ATGL were significantly lower at the
end of LCD compared with pre-diet levels. Interestingly,
the pattern of evolution of ATGL mRNA levels during
this dietary intervention paralleled the evolution of basal
lipolysis in situ observed in our previous microdialysis
study (Koppo et al. 2012). In contrast, no such parallel
was found for the pattern of evolution of mRNA HSL.: it
was different when compared with either basal lipolysis
or adrenaline-stimulated lipolysis in situ.

As mentioned above, results of this study and of
previous ones show that the diet-induced changes of
adipose tissue gene expression are dependent on the
phase of the diet. Capel er al. (2009) showed that the
regulation of adipocyte and macrophage genes during a
multi-phase diet was dependent on the phase of the diet.
The metabolism-related genes (predominantly expressed
in adipocytes) were downregulated during energy
restriction and upregulated during weight stabilization,
while the
(predominantly expressed in macrophages) were not

genes related to immune functions
changed or upregulated during energy restriction and
downregulated during weight stabilization (Capel et al.
2009). showed the

dependence of lipolysis on the phase of the hypocaloric

Furthermore, recent studies
diet in mice (Kosteli et al. 2010) and in humans (Koppo
et al. 2012). In the former study (Kosteli et al. 2010) it
was suggested that lipolysis drives the adipose tissue
macrophage accumulation since the peak in macrophage
number coincided with the peak in adipose tissue
lipolysis. Furthermore, after an extended period of weight
loss, adipose tissue lipolysis decreased, as did the
macrophage content. It would be tempting to hypothesize
that the same regulatory effect could occur in humans. It
was reported that markers of macrophage infiltration in
human SCAT show a similar time-pattern, i.e. a slight or
no increase during one month of VLCD and a decrease
under the pre-diet levels at the end of a 6 month diet
(Capel et al. 2009, Kovacikova et al. 2010). This would
suggest that the biological role of SCAT lipolysis goes
beyond serving as an energy substrate and that it may
play a role in the regulation of macrophage infiltration
and the inflammation of the adipose tissue.

Similarly to the studies of Mutch et al. (2007,
2011) it might be hypothesized that the baseline levels of
the lipolytic genes or their diet-induced changes are
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predictors of the diet-induced loss in fat mass.

We tested specifically whether subjects with higher
“responsiveness”, i.e. larger modifications of mRNA
levels of the respective genes during the initial phase of
the diet (i.e. VLCD), would be those with higher diet-
induced fat loss either during VLCD or during the entire
6-month intervention. This association was not confirmed
in the present study. Similarly, no associations between
the pre-diet mRNA expression of lipolysis-regulating
genes and the diet-induced loss in fat mass during either
VLCD or entire intervention were observed.

In conclusion, this study demonstrates that the
dietary intervention associated with an improvement in
insulin sensitivity modifies the mRNA expression of key
genes that are involved in SCAT lipolysis regulation. The
pattern of this diet-induced modification varies during the
course of the diet and is related to the status of energy
balance. No straightforward relationship between the

Conflict of Interest
There is no conflict of interest.

Acknowledgements
This study was supported by grant IGA NT 11450-3/2010
of the Ministry of Health of Czech Republic, by a grant
the Direction Générale de Ia

from Coopération

Internationale et du Développement (Programme
d’Action Intégré Franco-Tchéque), by a grant from
Novartis Pharma S.A.S, by the grant of the Ministry of
Education of Czech Republic MSM 0021620814, and by
HEPADIP  (www.hepadip.org),
(Contract No. LSHM-CT-2005-018734) and
Collaborative Project ADAPT (www.adapt-eu.net),
(Contract No. HEALTH-F2-2008-2011 00). K. Koppo

was supported by a postdoctoral research grant from the

Integrated  Project

Special Research Fund of the Ghent University. We are
indebted to Zuzana Parizkova for her technical expertise.

evolution of expression of the respective genes and that
of insulin sensitivity was found.

References

BARBE P, STICH V, GALITZKY J, KUNESOVA M, HAINER V, LAFONTAN M, BERLAN M: In vivo increase in
beta-adrenergic lipolytic response in subcutaneous adipose tissue of obese subjects submitted to a hypocaloric
diet. J Clin Endocrinol Metab 82: 63-69, 1997.

BEZAIRE V, MAIRAL A, RIBET C, LEFORT C, GIROUSSE A, JOCKEN J, LAURENCIKIENE J, ANESIA R,
RODRIGUEZ AM, RYDEN M, STENSON BM, DANI C, AILHAUD G, ARNER P, LANGIN D:
Contribution of adipose triglyceride lipase and hormone-sensitive lipase to lipolysis in hMADS adipocytes.
J Biol Chem 284: 18282-18291, 2009.

CAPEL F, KLIMCAKOVA E, VIGUERIE N, ROUSSEL B, VITKOVA M, KOVACIKOVA M, POLAK J,
KOVACOVA Z, GALITZKY J, MAORET JJ, HANACEK J, PERS TH, BOULOUMIE A, STICH V,
LANGIN D: Macrophages and adipocytes in human obesity: adipose tissue gene expression and insulin
sensitivity during calorie restriction and weight stabilization. Diabetes 58: 1558-1567, 2009.

DEFRONZO RA, TOBIN JD, ANDRES R: Glucose clamp technique: a method for quantifying insulin secretion and
resistance. Am J Physiol 237: E214-E223, 1979.

FLECHTNER-MORS M, DITSCHUNEIT HH, YIP I, ADLER G: Sympathetic modulation of lipolysis in subcutaneous
adipose tissue: effects of gender and energy restriction. J Lab Clin Med 134: 33-41, 1999.

GUMBS AA, MODLIN IM, BALLANTYNE GH: Changes in insulin resistance following bariatric surgery: role of
caloric restriction and weight loss. Obes Surg 15: 462-473,2005.

HELLSTROM L, LANGIN D, REYNISDOTTIR S, DAUZATS M, ARNER P: Adipocyte lipolysis in normal weight
subjects with obesity among first-degree relatives. Diabetologia 39: 921-928, 1996a.

HELLSTROM L, REYNISDOTTIR S, LANGIN D, ROSSNER S, ARNER P: Regulation of lipolysis in fat cells of
obese women during long-term hypocaloric diet. Int J Obes Relat Metab Disord 20: 745-752, 1996b.

HENSRUD DD: Dietary treatment and long-term weight loss and maintenance in type 2 diabetes. Obes Res 9:
348S-3538S, 2001.

JOCKEN JW, LANGIN D, SMIT E, SARIS WH, VALLE C, HUL GB, HOLM C, ARNER P, BLAAK EE: Adipose
triglyceride lipase and hormone-sensitive lipase protein expression is decreased in the obese insulin-resistant
state. J Clin Endocrinol Metab 92: 2292-2299, 2007.

130


http://www.hepadip.org/

534 Koppoetal. Vol. 62

KATHER H, WIELAND E, FISCHER B, WIRTH A, SCHLIERF G: Adrenergic regulation of lipolysis in abdominal
adipocytes of obese subjects during caloric restriction: reversal of catecholamine action caused by relief of
endogenous inhibition. Eur J Clin Invest 15: 30-37, 1985.

KLIMCAKOVA E, POLAK J, MORO C, HEJNOVA J, MAJERCIK M, VIGUERIE N, BERLAN M, LANGIN D,
STICH V: Dynamic strength training improves insulin sensitivity without altering plasma levels and gene
expression of adipokines in subcutaneous adipose tissue in obese men. J Clin Endocrinol Metab 91: 5107-
5112, 2006.

KOPPO K, SIKLOVA-VITKOVA M, KLIMCAKOVA E, POLAK J, MARQUES MA, BERLAN M, VAN DE
VOORDE J, BULOW J, LANGIN D, DE GLISEZINSKI I, STICH V: Catecholamine and insulin control of
lipolysis in subcutaneous adipose tissue during long-term diet-induced weight loss in obese women. Am J
Physiol Endocrinol Metab 302: E226-E232, 2012.

KOSTELI A, SUGARU E, HAEMMERLE G, MARTIN JF, LEI J, ZECHNER R, FERRANTE AW JR: Weight loss
and lipolysis promote a dynamic immune response in murine adipose tissue. J Clin Invest 120: 3466-3479,
2010.

KOVACIKOVA M, SENGENES C, KOVACOVA Z, SIKLOVA-VITKOVA M, KLIMCAKOVA E, POLAK J,
ROSSMEISLOVA L, BAJZOVA M, HEINOVA J, HNEVKOVSKA Z, BOULOUMIE A, LANGIN D,
STICH V: Dietary intervention-induced weight loss decreases macrophage content in adipose tissue of obese
women. Int J Obes (Lond) 35: 91-98, 2010.

LIVAK KJ, SCHMITTGEN TD: Analysis of relative gene expression data using real-time quantitative PCR and the
2(Delta Delta C(T)) Method. Methods 25: 402-408, 2001.

MAURIEGE P, IMBEAULT P, LANGIN D, LACAILLE M, ALMERAS N, TREMBLAY A, DESPRES JP: Regional
and gender variations in adipose tissue lipolysis in response to weight loss. J Lipid Res 40: 1559-1571, 1999.

MUTCH DM, TEMANNI MR, HENEGAR C, COMBES F, PELLOUX V, HOLST C, SORENSEN TI, ASTRUP A,
MARTINEZ JA, SARIS WH, VIGUERIE N, LANGIN D, ZUCKER JD, CLEMENT K: Adipose gene
expression prior to weight loss can differentiate and weakly predict dietary responders. PLoS One 2: e1344,
2007.

MUTCH DM, PERS TH, TEMANNI MR, PELLOUX V, MARQUEZ-QUINONES A, HOLST C, MARTINEZ JA,
BABALIS D, VAN BAAK MA, HANDJIEVA-DARLENSKA T, WALKER CG, ASTRUP A, SARIS WH,
LANGIN D, VIGUERIE N, ZUCKER JD, CLEMENT K, DIOGENES PROJECT: A distinct adipose tissue
gene expression response to caloric restriction predicts 6-mo weight maintenance in obese subjects. Am J Clin
Nutr 94: 1399-1409, 2011.

PLEE-GAUTIER E, GROBER J, DUPLUS E, LANGIN D, FOREST C: Inhibition of hormone-sensitive lipase gene
expression by cAMP and phorbol esters in 3T3-F442A and BFC-1 adipocytes. Biochem J 318: 1057-1063,
1996.

RACLOT T, DAUZATS M, LANGIN D: Regulation of hormone-sensitive lipase expression by glucose in 3T3-F442A
adipocytes. Biochem Biophys Res Commun 245: 510-513, 1998.

REYNISDOTTIR S, ELLERFELDT K, WAHRENBERG H, LITHELL H, ARNER P: Multiple lipolysis defects in the
insulin resistance (metabolic) syndrome. J Clin Invest 93: 2590-2599, 19%4a.

REYNISDOTTIR S, WAHRENBERG H, CARLSTROM K, ROSSNER S, ARNER P: Catecholamine resistance in fat
cells of women with upper-body obesity due to decreased expression of beta 2-adrenoceptors. Diabetologia 37:
428-435, 1994b.

REYNISDOTTIR S, LANGIN D, CARLSTROM K, HOLM C, ROSSNER S, ARNER P: Effects of weight reduction
on the regulation of lipolysis in adipocytes of women with upper-body obesity. Clin Sci (Lond) 89: 421-429,
1995.

RONDINONE CM, CARVALHO E, RAHN T, MANGANIELLO VC, DEGERMAN E, SMITH UP: Phosphorylation
of PDE3B by phosphatidylinositol 3-kinase associated with the insulin receptor. J Biol Chem 275: 10093-
10098, 2000.

SENGENES C, STICH V, BERLAN M, HEJNOVA J, LAFONTAN M, PARISKOVA Z, GALITZKY J: Increased
lipolysis in adipose tissue and lipid mobilization to natriuretic peptides during low-calorie diet in obese
women. Int J Obes Relat Metab Disord 26: 24-32, 2002.

131



2013 Diet-Induced Changes in mRNA Levels in Obese 335

STICH V, HARANT I, DE GLISEZINSKI I, CRAMPES F, BERLAN M, KUNESOVA M, HAINER V, DAUZATS
M, RIVIERE D, GARRIGUES M, HOLM C, LAFONTAN M, LANGIN D: Adipose tissue lipolysis and
hormone-sensitive lipase expression during very-low-calorie diet in obese female identical twins. J Clin
Endocrinol Metab 82: 739-744, 1997.

STICH V, MARION-LATARD F, HEJNOVA J, VIGUERIE N, LEFORT C, SULJKOVICOVA H, LANGIN D,
LAFONTAN M, BERLAN M: Hypocaloric diet reduces exercise-induced alpha 2-adrenergic antilipolytic
effect and alpha 2-adrenergic receptor mRNA levels in adipose tissue of obese women. J Clin Endocrinol
Metab 87: 1274-1281, 2002.

TOUBRO S, SORENSEN TI, RONN B, CHRISTENSEN NJ, ASTRUP A: Twenty-four-hour energy expenditure: The
role of body composition, thyroid status, sympathetic activity, and family membership. J Clin Endocrinol
Metab 81: 2670-2674, 1996.

VITKOVA M, KLIMCAKOVA E, KOVACIKOVA M, VALLE C, MORO C, POLAK J, HANACEK J, CAPEL F,
VIGUERIE N, RICHTEROVA B, BAJZOVA M, HEINOVA J, STICH V, LANGIN D: Plasma levels and
adipose tissue messenger ribonucleic acid expression of retinol-binding protein 4 are reduced during calorie
restriction in obese subjects but are not related to diet-induced changes in insulin sensitivity. J Clin Endocrinol
Metab 92: 2330-2335, 2007.

WAHRENBERG H, EK I, REYNISDOTTIR S, CARLSTROM K, BERGQVIST A, ARNER P: Divergent effects of
weight reduction and oral anticonception treatment on adrenergic lipolysis regulation in obese women with the
polycystic ovary syndrome. J Clin Endocrinol Metab 84: 2182-2187, 1999.

132



PRILOHA 6

Comparison of Early (2 Days) and Later (28 Days) Response of Adipose Tissue to Very Low-

Calorie Diet in Obese Women.

Sramkova V, Rossmeislova L, Krauzova E, Kra¢merova J, Koc M, Langin D, Stich V, Siklova M.

The Journal of Clinical Endocrinology & Metabolism 2016 December

133


https://www.ncbi.nlm.nih.gov/pubmed/27715401
https://www.ncbi.nlm.nih.gov/pubmed/27715401
https://academic.oup.com/jcem
https://academic.oup.com/jcem
https://academic.oup.com/jcem

ORIGINAL ARTICLE

Comparison of Early (2 Days) and Later (28 Days)
Response of Adipose Tissue to Very Low-Calorie Diet
in Obese Women

Veronika Sramkova, Lenka Rossmeislové, Eva Krauzova, Jana Kratmerova,
Michal Koc, Dominique Langin, Vladimir Stich, and Michaela Siklova

Department of Sport Medicine (V.S., LR, E.K., J.K,, MK, V.S, M.S.), Third Faculty of Medicine, Charles
University, 100 00 Prague 10, Czech Republic; Franco-Czech Laboratory for Clinical Research on Obesity
(v.S., LR, EK, JK, MK, D.L, VS, MS), Third Faculty of Medicine, Prague, and Institut des Maladies
Métaboligues et Cardiovasculaires, Université Toulouse Il Paul Sabatier, Unité Mixte de Recherche, F-
31432 Toulouse, France; Second Department of Internal Medicine (E.K., VV.S.), University Hospital
Kralovske Vinohrady, 100 34 Prague, Czech Republic; and INSERM (D.L.), Unité Mixte de Recherche
1048, Institute of Metabolic and Cardiovascular Diseases, and University of Toulouse, Paul Sabatier
University, and Department of Clinical Biochemistry (D.L.), Toulouse University Hospitals, F-31432
Toulouse, France

Context: Beneficial metabolic effects of calorie restriction found in the early stage of hypocalorie
diets may be caused by the modulation of metabolic and endocrine function of adipose tissue.

Objective: The objective of the study was to compare metabolic and inflammation-related char-
acteristics of sc adipose tissue (SAAT) in the early (2 d) and later (28 d) phase of a very low calorie
diet (VLCD).

Design, Setting, Intervention, and Patients: Seventeen moderately obese premenopausal women
followed an 800 kcal/d VLCD for 28 days. Anthropometric measurements, blood sampling, and a
biopsy of SAAT were performed before the diet and after 2 and 28 days of the VLCD.

Main Outcome Measure(s): mRNA expression of 50 genes related to lipid metabolism, inflamma-
tion, and fibrosis were analyzed in SAAT. Secretion of adipokines was determined in SAAT explants
and adipokines, fibroblast growth factor 21 (FGF21) and C-reactive protein were measured in
plasma.

Results: In the early phase of the VLCD, the expression of lipolytic genes was increased, whereas
the expression of lipogenic genes was significantly suppressed. The inflammatory markers in SAAT
remained unchanged. At the later phase, expression of genes involved in lipogenesis and B-oxi-
dation was markedly suppressed, whereas the expression of inflammatory markers was increased.
The changes of lipogenic genes after 28 days of the VLCD correlated with FGF21 changes.

Conclusion: The early and later phases of a VLCD differ with respect to metabolicand inflammatory
responses in SAAT. The expression changes in SAAT in the early phase of the VLCD could not explain
the effect of short calorie restriction onthe improvement of insulin sensitivity. Aninterplay of SAAT
with liver function during VLCD mediated by FGF21 might be suggested. (J Clin Endocrinol Metab
101: 5021-5029, 2016)
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ery low-calorie diets (VLCDs) are often prescribed in
V obesity treatment to achieve rapid weight loss.
Generally, this type of dietary intervention consists of
500-800 kcal/d during 1-2 months and leads to an im-
provement in metabolic profile (such as plasma total cho-
lesterol, triglycerides, high-density lipoprotein [HDL]cho-
lesterol, insulin, etc) and insulin sensitivity (IS) (1). A study
that compared the effects of VLCD and bariatric surgery
has shown that VLCD drives almost the same improve-
ments of IS, B-cell function, and lipid parameters as bari-
atric surgery when the same reduction of body weight and
fat mass is achieved (2). However, some of the positive
effects of severe calorie restriction are observed already
before the loss of fat mass is accomplished. Whole-body/
hepatic insulin resistance measured by the homeostasis
model assessment for insulin resistance (HOMA-IR) or
quantitative insulin sensitivity check index improved as
soon as after 2 days of a VLCD (3, 4). Similarly the ben-
eficial effects of bariatric surgery on carbohydrate metab-
olism were observed within several days after bariatric
operation in type 2 diabetic patients, before significant
weight loss has occurred (5). Mechanism of the beneficial
metabolic effects of the calorie restriction per se are not
well understood. It might be hypothesized that modifica-
tions of immune and metabolic characteristics of adipose
tissue (AT) might occur and play a role in this process
despite the fact that there is no change in AT mass.
Whereas the response of inflammation-related cytokines
during a 1-month VLCD was investigated in a number of
studies (reviewed in references 1 and 6), the effects of a
very short calorie restriction was studied rarely (3). Sim-
ilarly, it was shown that the expression of metabolism-
related genes in AT was reduced after 1 month of a VLCD
(7), but the response to a shorter calorie restriction (eg,
several days) was not thoroughly studied.

Therefore, in this longitudinal study, we compared the
effects of 2 days and 28 days of a VLCD on metabolic and
inflammation-related indices in sc adipose tissue (SAAT)
and their possible relationship with systemic inflamma-
tory and metabolic status in moderately obese women. We
investigated the expression of the respective genes in
SAAT as well as the secretion of cytokines in SAAT
explants.

According to recent studies, the diet-induced metabolic
changes might be partially controlled by fibroblast growth
factor 21 (FGF21). FGF21 is released by the liver and
stimulates fatty acid oxidation and ketogenesis (8). Re-
cently it was shown, in mice and in cell cultures, that
FGF21 may affect adipose tissue metabolic pathways (li-
pogenesis, lipolysis) (9, 10). Thus, FGF21 levels and their
association with changes in SAAT were also investigated.

135

Early and Later Response of Adipose Tissue to VLCD

J Clin Endocrinol Metab, December 2016, 101(12):5021-5029

Subjects and Methods

Subjects, dietary protocol, and clinical examination

Seventeen metabolically healthy obese women (aged 35 = 7y,
mean body mass index 32.6 = 3.6 kg/m~2) were recruited for the
study. All subjects were drug free and healthy, as determined by
medical history and laboratory findings. All patients had a stable
weight for at least 3 months prior to inclusion. All subjects un-
derwent a VLCD intervention program, during which they re-
ceived 800 kcal/d (liquid formula diet; Redita; representing an
intake of 52 g of protein, 118 g of carbohydrates, and 12.9 g of
fat per day). Patients consulted a dietitian once a week. The
evaluation of physical activity was performed before the start of
the study by the International Physical Activity Questionnaire,
and the subjects were recommended not to change their habitual
activity during the study. The design of the study is shown in
Figure 1. Clinical investigation was carried out at day 0 (base-
line), day 2 (2 d of the VLCD), and day 28 of the VLCD. During
these investigations the subjects were examined at 8:00 am after
overnight fasting. Body weight and waist and hip circumferences
were measured, and body composition was assessed by bioim-
pedance (QuadScan 4000; Bodystat). The needle biopsy of SAAT
and the samples of peripheral blood were taken. The study was
approved by Ethical Committee of the Third Faculty of Medi-
cine, Charles University in Prague, and all subjects gave their
informed consent before the start of the study.

Secretion of cytokines from SAAT explants

AT samples obtained by biopsy were processed as previously
described (11). Briefly, AT was washed in saline and separated to
several aliquots. Two aliquots (200-500 mg) were snap frozen
in liquid nitrogen for subsequent gene expression analysis. An-
other aliquot of approximately 400 mg was cut into small pieces
and the explants were incubated in 4 mL of Krebs/Ringer phos-
phate buffer (pH 7.4) supplemented with 20 g/L of BSA and 1 g/L
of glucose at 37°C in a shaking water bath with air as the gas
phase. After 4 hours of incubation, the conditioned medium was
collected, the cellular debris was removed by centrifugation, and
the cell-free supernatant was stored at —80°C until analysis.

Analysis of plasma and SAAT conditioned media

Plasma samples were prepared from uncoagulated peripheral
blood by centrifugation. Plasma glucose was determined with a
glucose oxidase technique (Beckman Instruments). Plasma insu-
lin was measured using an Immunotech insulin immunoradio-
metric assay kit (Immunotech).

B-Hydroxybutyrate, glycerol, and free fatty acids (FFAs)
were analyzed by enzymatic colorimetric assays (Randox Lab-
oratories Ltd). A multiplex immunoassay at the MagPIX or Lu-
minex 200 was used to analyze the following: 1) plasma cyto-
kines IL-6, IL-8, IL-10, and TNF-« (high sensitivity human
cytokine Milliplex panel; Merck-Millipore); 2) cytokines in con-
ditioned media, IL-6, IL-8, IL-10, monocyte chemoattractant
protein-1 (MCP-1), TNF-a, and leptin (human adipocyte kit;
Merck-Millipore). The circulating levels of MCP-1, leptin,
FGF21, and C-reactive protein (CRP) were quantified by ELISA
kits (eBioscience and R&D Systems).

Gene expression analysis
Total RNA was isolated from 200- to 500-mg aliquots of AT
using an RNeasy lipid tissue RNA minikit (QIAGEN). The RNA
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in Table 1. At day 2 of the VLCD, the
stiicy subjects” body weight was reduced

by 1.4%, whereas fat mass was not

changed. After 28 days of the VLCD,

Start of End of
the the
study
| Very low calorie diet (800kcal/day) |
[owo]

T
i
| Day 2 Iﬁ l
) I
; @-Clinical examination

{
KT) . *Needle biopsy

ﬁ *Blood collection

Figure 1. The design of the study. Seventeen obese premenopausal women were included in
the study. Clinical examination, needle biopsy of SAAT, and blood collection were performed at
indicated days (d O, before the start of VLCD; d 2, after 2 d of VLCD; d 28, at the end of 1 mo of
VLCD). Samples from needle biopsies and plasma were used for further analysis of inflammatory

and metabolic characteristics during the intervention.

concentration was measured using Nanodrop1000 (Thermo
Fisher Scientific). To remove genomic DNA, deoxyribonuclease
I (Invitrogen) treatment was applied. Six hundred nanograms of
total RNA were reverse transcribed using a high-capacity cDNA
reverse transcription kit (Applied Biosystems). For microfluidics,
4 ng of cDNA was preamplified within 16 cycles to improve
detection of target genes during subsequent real-time quantita-
tive PCR (qPCR; TagMan Pre Amp master mix kit; Applied
Biosystems). For the preamplification, 20X TagMan gene ex-
pression assays of all target genes (the list of genes in Supple-
mental Table 1) were pooled together and diluted with water to
the final concentration 0.2 X for each probe. The real-time qPCR
was performed in duplicates on Biomark real-time qPCR system
using 96 X 96 array (Fluidigm). In addition, the mRNA expres-
sion of CD36, peroxisome proliferator-activated receptor
(PPAR)-v, adipose triglyceride lipase (ATGL), hormone-sensi-
tive lipase (HSL), diacylglycerol acyltransferase (DGAT)-2,
IL-6,1L-8,IL-10, MCP-1, TNF-a, and leptin was quantified by
qPCR without preamplification on an ABI PRISM 7500 (Ap-
plied Biosystems). Data were normalized to reference gene PPIA,
which proved to be superior over two other measured reference
genes, PUM1 and GUSB (not shown). The method of 2% was
calculated for statistical analysis, and the final values for the
figures were expressed as fold change related to mean basal
value.

Statistical analysis

Data are presented as means *= SEM. Statistical analysis was
performed using GraphPad Prism 6 (GraphPad Software, Inc).
The comparison of the anthropometric, biochemical, and other
variables before the diet, at day 2, and at day 28 of the VLCD was
done using a one-way ANOVA with repeated measures, fol-
lowed by post hoc pairwise comparisons with Bonferroni ad-
justment for multiple testing. Correlations of fold changes of all
parameters during 2 days and 28 days of the VLCD (value at d
2/baseline) or (value at d 28/baseline) were assessed by Pearson’s
correlation. The difference of P < .05 was considered as statis-
tically significant.

Results

Effect of dietary intervention on clinical and

laboratory characteristics of obese women
Anthropometric and biochemical parameters of sub-

jects before and during two stages of the diet are presented
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a body weight loss of 9.2% was
) achieved, associated with a decrease
, of 16.5% of fat mass (kilograms).
U Plasma glucose levels and triglyc-
erides were not changed significantly
during any phase of the intervention.
FFA and B-hydroxybutyrate levels
were elevated after both 2 days and
28 days of the VLCD. Total choles-
terol and HDL cholesterol levels de-
creased after 28 days of the VLCD.
Insulin and insulin resistance estimated by HOMA-IR de-
creased after 2 days of the diet by 13.7% and 16.4%,
whereas at day 28 these variables decreased by 40% and
44 %, respectively (Table 1).

Effect of dietary intervention on mRNA gene
expression in sc abdominal adipose

Genes regulated after 2 days of VLCD

Among all the genes analyzed, those that were down-
regulated at day 2 were as follows: three lipogenic genes
(SCD1, FASN, and ELOVL6), the lipogenic transcription
factor sterol regulatory element-binding protein-1c
(SREBPI1c¢), and fibrotic enzyme-lysyl oxidase (LOX).

Up-regulated genes at day 2 were as follows: lipases
(ATGL, HSL), ATGL coactivator CGIS8, transcription
factor PPARYy, and fatty acid translocase CD36. mRNA
expression of glucose transporter GLUT1 had a tendency
to increase after 2 days of the VLCD (P = .09).

All other genes were not changed at day 2 of the VLCD;
explicitly we would mention the genes involved in B-ox-
idation (CPT1B3, ACOX, ACADM, PPARa, PCG1) (Fig-
ure 2C), the genes involved in fibrosis (TLR4, collagens,
TGFB1, MMP9) (Figure 2E) and in inflammation (mac-
rophage markers and cytokines) (Figure 2F), and several
genes related to lipogenesis and lipolysis.

Genes regulated after 28 days of VLCD

Genes down-regulated after 28 days of VLCD were as
follows: all lipogenic enzymes (SCD1, FAS, DGAT2,
ACLY, ACACA, ELOVLG) and two lipogenic transcrip-
tion factors (SREBP1c, carbohydrate-responsive element
binding protein) (Figure 2A); lipolytic genes and regula-
tors, MGL, GOS2 (an inhibitor of ATGL), PLIN1 (an
inhibitor of HSL), and DGAT1 (an enzyme involved in the
reesterification of fatty acids and in lipogenesis) (Figure
2B); genes associated with B-oxidation of fatty acids,
CPT1, ACOX1, and ACAD (Figure 2C); insulin-stimu-
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Table 1. Clinical Characteristics of 17 Obese Women Before the Diet and After 2 Days and After 28 Days of VLCD

Before Diet 2 Days of VLCD 28 Days of VLCD
Weight, kg 935*2.3 92.1 £ 2.3° 849 + 2.3°
BMI, kg/m~2 32.7 £09 32.2 £0.9° 29.7 £ 0.8°
Fat mass, kg 389x20 386 1.9 32.3 £ 1.6°
Fat-free mass, % 59.6 = 1.2 593+ 1.2 63.5 + 1.1°
Waist circumference, cm 999 +1.7 98.6 + 1.6° 92.6 = 1.6°
Glucose, mmol/L™" 5.0 = 0.1 5.1 0.1 49 +0.2
Insulin, mu/L™" 10.2 1.0 8.0 = 0.6° 5.3 +0.6°
FFAs, umol/L™" 820 + 56 1156 + 119°¢ 1115 = 70°
Glycerol, ;quOI/L’1 124 = 16 147 = 14 113 =10
Triglycerides, mmol/L™" 1.12 = 0.12 1.04 = 0.07 0.93 +0.10
HDL, mmol/L™" 1.25 = 0.05 1.21 £ 0.06 1.06 + 0.04°
Total cholesterol, mmol/L™" 4.82 =0.20 486 +0.18 3.87 £0.13°
B-Hydroxybutyrate, mmol/L™" 114 =19 379 + 63° 603 + 124°
HOMA-IR 23*02 1.8 £0.1° 1.3+0.2°
QUICKI 0.342 = 0.005 0.354 = 0.004¢ 0.386 = 0.009°

Abbreviations: BMI, body mass index; QUICKI, quantitative insulin sensitivity check index. Data are presented as mean = SEM.

@ P < .001 when compared with baseline (before the diet) values (one way ANOVA with repeated measures, followed by post hoc pairwise

comparisons with Bonferroni adjustment for multiple testing)

b P < .01 when compared with baseline (before the diet) values (one way ANOVA with repeated measures, followed by post hoc pairwise

comparisons with Bonferroni adjustment for multiple testing).

€ P < .05 when compared with baseline (before the diet) values (one way ANOVA with repeated measures, followed by post hoc pairwise

comparisons with Bonferroni adjustment for multiple testing).

lated glucose transporter 4 (GLUT4) (Figure 2D); leptin
(Figure 2D); and fibrotic enzyme LOX (Figure 2E).

Genes up-regulated after 28 days of VLCD were some
macrophage markers, namely CD163, MSR1, IRFS, and
CCR2. The increase of mRNA expression of other mark-
ers (ACPS, FCGBP, ITGAX) and cytokines (IL-8,
MCP-1, TNFa, IL-6, and IL-10) was observed, but it did
not reach statistical significance (Figure 2F).

Expression of all other genes was not significantly mod-
ified at the end of 28 days of the dietary intervention,
specifically the following: genes involved in lipolysis
(HSL, ATGL, CGIS58, CD36) (Figure 2B), transcription
factors PPAR. PPARYy, and PPARYy coactivactor 1a, in-
sulin receptor substrate 1, and genes involved in fibrosis
(Figure 2E).

Correlations of the diet-induced changes in gene
expression in SAAT and in metabolic parameters
during VLCD intervention

Two-day changes

Changes of circulating FFAs and glycerol after 2 days of
the VLCD correlated with changes in mRNA expression
of CGIS58 (Supplemental Figure 1). The changes of glyc-
erol after 2 days of the VLCD correlated with expression
changes of HSL and ATGL (Supplemental Figure 1, data
not shown). The changes of the HOMA-IR after 2 days of
the VLCD tended to correlate with changes of HSL and
ATGL expression (data not shown).
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Twenty-eight-day changes

The changes in mRNA expression of leptin and LOX
correlated positively with the changes of mRNA expres-
sion of lipolytic and lipogenic enzymes, B-oxidation, and
insulin receptor substrate 1 during 28 days of the VLCD
(Supplemental Table 2). The changes of the HOMA-IR
correlated with changes of plasma levels and the secretion
of leptin (Supplemental Figure 1 and Supplemental Table
2). Changes of cholesterol, insulin, and triglycerides cor-
related with the changes of expression of several lipolytic
and lipogenic genes (ie, HSL, SCD1, FASN, DGAT?2)
(Supplemental Figure 1).

Changes of plasma FGF21 correlated positively with
corresponding changes of B-hydroxybutyrate (r = 0.537,
P =.048) and negatively with corresponding fold changes
of ATGL, DGAT2, PPAR, and GLUT4 expression (Sup-
plemental Figure 1, data not shown).

Secretion of cytokines/adipokines in sc abdominal
adipose tissue during VLCD

In vitro secretion of cytokines IL-6 and MCP-1 from
SAAT explants did not change after 2 days of VLCD but
increased after 28 days of VLCD. Secretion of IL-8 and
TNFa was not significantly changed after 2 days and
tended to be increased after 28 days of the VLCD (P = .053
and P = .066, respectively). Secretion of IL-10 was not
significantly changed in either VLCD phase (Figure 3).
Secretion of leptin was not changed after 2 days of the
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Figure 2. mRNA expression of genes in SAAT of obese women before the diet (white), 2 days after the VLCD (gray), and 28 days after the VLCD

(black). Lipogenesis (A), lipolysis (B), B-oxidation (C), insulin/glucose receptors and leptin (D), fibrosis (E), and inflammation (F) are shown. Data are
presented as fold change = SEM, related to mean basal (before diet) gene expression, normalized to PPIA expression (n = 16). *, P < .05, **, P <
.01, ***, P < .001, compared with prediet levels or values at 2 days of the VLCD (one way ANOVA with repeated measures, followed by post hoc

pairwise comparisons with Bonferroni adjustment for multiple testing).

VLCD but decreased significantly after 28 days of the
VLCD (Figure 3).

Plasma levels of cytokines, CRP, FGF21, and leptin
during VLCD

Plasma concentration of cytokines IL-6, and MCP1 in-
creased after 2 days of the VLCD and returned to baseline
after 28 days of the VLCD (Figure 4). Similarly, CRP con-
centration had a tendency to increase after 2 days of the

IL-10 IL-6 IL-8
8- 10007 — = 800+
6 8004 600
€= x - X =
< < <
5 g 6001 5
2 44 = 2 400
E E 4001 E
o o o
Q Q. Q
24 200+
2001
04 0 04

VLCD (P = .07) and decreased under the baseline values
after 28 days of the VLCD (Figure 4). IL-8, IL-10, TNFq,
and cortisol levels were not significantly changed after
either 2 or 28 days of the VLCD. The average plasma leptin
levels did not change significantly after 2 days’ VLCD
(decrease by 21%, P = .21); however, the response
showed a high interindividual variability. After 28 days of
the VLCD, the decrease of leptin was markedly pro-
nounced (by 49%, P < .001). FGF21 was not changed

MCP1 TNFa Leptin
800+ 30+ 10000+
6004 8000
5 S 201 g
g,. o § 26000-
E E E 4000
2 2 10 =
200+
2000+
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Figure 3. Secretion of cytokines/adipokines from SAAT of obese women before the diet (white), 2 days after the VLCD (gray), and 28 days after
the VLCD (black). Data are presented as a concentration of secreted protein (picograms per milliliter per 4 h) = SEM (n = 16). *, P < .05, **, P <
.01, ***, P < .001, compared with prediet levels or values at 2 days of the VLCD (one way ANOVA with repeated measures, followed by post hoc

pairwise comparisons with Bonferroni adjustment for multiple testing).
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Figure 4. Plasma levels of cytokines and hormones in obese women before the diet (white), 2 days after the VLCD (gray), and 28 days after the
VLCD (black). Data are presented as mean = SEM (n = 17). *, P < .05, **, P < .01, ***, P < .001, compared with prediet values or values at 2
days of the VLCD (one way ANOVA with repeated measures, followed by post hoc pairwise comparisons with Bonferroni adjustment for multiple

testing).

after 2 days of the VLCD and was elevated after 28 days
of the VLCD (Figure 4).

Discussion

The aim of this study was to elucidate metabolic and im-
mune effects of the calorie restriction per se, when com-
pared with the restriction accompanied with the body fat
mass loss. Therefore, in moderately obese women, whole-
body and AT characteristics were compared between the
early (2 d) and later phase (28 d) of VLCD. The main
finding is that the responses of metabolic and inflamma-
tion-related characteristics in SAAT and in plasma dif-
fered markedly between the two phases of the diet.

The 2 days of calorie restriction modified genes in-
volved in lipolysis and lipogenesis in SAAT, whereas the
inflammatory status of AT was not changed. The in-
creased levels of FFAs and B-hydroxybutyrate in plasma
reflectenhanced AT lipolysis and hepatic ketogenesis, sim-
ilarly as seen in fasting (12). Increased expression of major
AT lipases in SAAT, HSL, ATGL, with its cofactor
CGIS8, could contribute to a higher release of FFAs from
AT to plasma, as reviewed by Nielsen and Moller (13).
Indeed, in this study the increase in plasma FFAs and glyc-
erol after 2 days of the VLCD correlated with the changes
in expression of CGI58, and the changes in plasma glyc-
erol correlated with SAAT lipases, ATGL and HSL. In
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addition, increased mRNA expression of CD36, a fatty
acid transporter in SAAT, was found at the early phase of
the VLCD, and this expression correlated with increased
FFA plasma levels. This is in line with published studies
showing that the expression of CD36 in AT increased in
response to the acute increase of FFA plasma levels in-
duced by lipid infusion (14) and also in response to chronic
elevation of FFA plasma levels in obese subjects with met-
abolic syndrome (15). On the other hand, in the study of
Hames et al (16), CD36 was shown to facilitate the FFA
uptake by AT when the levels of FFAs in plasma are low,
ie, after consumption of a carbohydrate-containing meal.
Thus, the higher expression of CD36 observed after 2 days
of calorie restriction could provide AT better FFA absorp-
tion capacities for the anticipated refeeding phase. Also, it
was suggested that FFAs released from adipocyte by li-
polysis are immediately taken back by CD36 to secure
cycling of FFA, and this mechanism may prevent excessive
release of FFA under condition of stimulated lipolysis (17).
The up-regulation of CD36 in our study is likely driven by
PPAR activation. Indeed, PPARy mRNA expression was
elevated during the early VLCD phase, and this change
correlated with the changes of mRNA expression of CD36
and with changes of lipolytic genes (HSL, ATGL) in this
study. Up-regulated PPARy expression and activity might
be associated by the enhanced availability of lipolysis-de-
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rived fatty acids (PPARy ligands), as suggested by Haem-
merle et al (18, 19).

In contrast to the effect of 2 days of calorie restriction
on lipolytic genes, the expression of lipogenic enzymes in
SAAT was reduced. This reduction was likely linked to a
down-regulation of SREBP1c, one of the lipogenic tran-
scription factors, which is regulated by insulin (20). The
improvement in IS during the early phase of the VLCD was
not associated with the metabolic gene expression in
SAAT, except a borderline correlation with several lipo-
lytic genes (ie, HSL, ATGL). Thus, changes occurring in
AT in response to short calorie restriction do not appear
to play major role in the metabolic improvement induced
by 2 days of a VLCD. Therefore, the potential role of other
insulin -sensitive organs in the diet-induced metabolic
changes must be taken into account. Lara-Castro et al (21)
demonstrated that the decrease of the intramyocellular
lipids after 6 days of a VLCD was closely related to insulin
resistance. In contrast to that, Jazet et al (22) found no
changes in the markers of insulin signaling and glucose
transport in skeletal muscle after 2 days of a VLCD, but
they found a diet-induced decrease of endogenous glucose
production. The latter points to the role of the liver in the
very short VLCD-induced metabolic changes.

Because no significant change in gene expression and
secretion of proinflammatory (IL-6, IL-8, TNFa, MCP-1)
and antiinflammatory (IL-10,IL-1Ra, TGFB1) cytokines,
and macrophage markers (CD68, CD163, IRFS5, MSR1,
ACPS, CCR2, FCGBP, ITGAX) in SAAT were observed
after 2 days of the VLCD, it may be concluded that the
early improvement of IS (metabolic changes) was not re-
lated to changes of immune status of adipose tissue. In-
deed, several studies using opposite dietary intervention,
ie, short overfeeding in healthy men, showed similar di-
chotomy between AT inflammation and IS under condi-
tions of mild weight gain when IS was impaired despite no
induction of inflammatory cytokines and macrophage ac-
tivation in SAAT (23, 24).

In contrast to the changes induced by 2 days of a VLCD,
after 28 days of severe calorie restriction mRNA expres-
sion of lipolytic genes (ATGL, HSL, MGL, PLINI,
CGIS58) returned to the prediet levels. The no change in
ATGL or HSL mRNA expression after 1 month of the
VLCD, when compared with the prediet condition, is in
agreement with some of the previous studies of our and
other teams (1, 25). However, the decrease in expression
of lipolytic genes on day 28 compared with day 2 does not
essentially mean that lipolysis is attenuated. FFA levels in
plasma were elevated at 28 day similarly to day 2, indi-
cating maintenance of higher lipolytic rate. The decrease
to baseline in expression of lipases at the late phase of the
VLCD was accompanied by a decrease of G0S2, which has
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been shown as a dominant inhibitor of ATGL in adi-
pocytes (26), and by a reduction in DGAT1, which is
responsible for FFA reesterification. Reduced inhibition of
ATGL together with reduced reesterification can thus still
ensure the FFA release needful to cover the energy demand
of the organism. Thus, our data support the hypothesis
that GOS2 acts predominantly as a long-term regulator of
ATGL, whereas CGIS58 is more important for the reg-
ulation of acute lipolytic response (13). Furthermore, at
day 28 a marked decrease of lipogenic genes, genes of
B-oxidation, and insulin-stimulated glucose transport
(GLUT4) in SAAT was observed. These processes prob-
ably prevent excessive breakdown as well as storage of
FFAs in adipocytes during longer-term shortage and se-
cure its adequate release from AT to serve as substrates for
other organs.

The increase in a SAAT inflammatory state after 28
days of the VLCD is in agreement with published results
of our and other groups (3, 11,27, 28). Previously we have
shown that 28 days of a VLCD was not associated with an
increase in macrophage content in SAAT (29). Thus, it
might be assumed that the observed increase of macro-
phage marker expression in response to strong calorie re-
striction reflects stimulation of macrophage activation
rather than their accumulation. The increase of proinflam-
matory (IL-6, IL-8, MCP-1, TNF) but also antiinflamma-
tory (IL-10, IL-1Ra) cytokines together with M1 (IGTAX,
CCR) and M2 (CD163) macrophage markers is in accor-
dance with the published findings that macrophages in
SAAT are of a mixed phenotype (30). The role of the in-
crease in the inflammatory state in SAAT after 28 days of
severe calorie restriction is still unclear.

Interestingly, the only gene identified to be significantly
down-regulated in both phases of the VLCD was LOX,
one of the genes involved in fibrosis (and extracellular
matrix remodeling. LOX catalyzes the cross-linking of
collagens in AT and, thus, it is one of a key factors con-
tributing to the fibrosis of AT observed in obesity (31).
Inhibition of LOX also resulted in the improvement of
several metabolic parameters, ameliorated glucose and in-
sulin levels, decreased HOMA index, and reduced plasma
triglyceride level in obese rats (31). Indeed, the decrease of
LOX expression found in our study was associated with
changes in SAAT metabolism genes (Supplemental Table
2). Importantly, the reduction of lipogenesis and fibrosis
observed during weight loss in our study represent the
opposite processes to those found in the overfeeding stud-
ies (23, 24).

Leptin appeared as the only adipokine for which a
quantitative relationship with the diet-induced changes of
HOMA-IR was found. In addition, leptin changes were
correlated also with a number of metabolic-related genes
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in AT and with plasma FGF21 levels. Leptin was shown to
act on peripheral tissues by the regulation of fatty acid
oxidation and energy expenditure through activation of
AMP-activated protein kinase, induction of FFA oxida-
tion genes, and increased transport of FFAs to mitochon-
dria (32). It might be suggested that this adipokine is a
sensor of metabolic changes in SAAT and the signal that
mediates the metabolic interplay with other organs during
calorie restriction. Further studies in this issue in obese
humans should be warranted.

After 28 days of the VLCD, the diet-induced improve-
ment of metabolic indices (TG, insulin, cholesterol) was
correlated with changes in lipogenic genes (eg, SCD1,
FASN, DGAT?2). It was shown in mice that a decrease of
SCD1 expression (in liver or systemic level) was correlated
with an improvement of the metabolic profile and insulin
sensitivity (33, 34). Thus, we may hypothesize that the
decrease of lipogenic genes in AT is paralleled with the
decrease of lipogenesis in liver, which is probably one of
the important contributors to the improvement of meta-
bolic profile and IS during the VLCD.

FGF21 was shown to act as a metabolic regulator dur-
ing fasting through stimulating ketogenesis and fatty acid
oxidation in liver in mice (8). In addition, in mice and
3T3-L1 adipocytes, the role of FGF21 in the down-regu-
lation of lipogenesis and lipolysis in SAAT was shown
(8-10). In line with this, we observed negative correlation
between the increase of plasma FGF21 during the 28 days
of the VLCD and the changes in mRNA expression of
genes involved in SAAT lipogenesis (FASN, DGAT2) and
glucose uptake (GLUT4). Because FGF21 plasma levels
are increased only in later phase of the diet (35), it might
be suggested that FGF21 plays a role in the regulation of
a switch from a short-term to a longer-term calorie re-
striction. The down-regulation of lipogenesis in associa-
tion with insulin-stimulated glucose transport into AT
supports the role of FGF21 in the saving of substrates for
other organs during famine.

In conclusion, our findings show that the early (2 d) and
later (28 d) phases of the VLCD differ with respect to
metabolic and inflammatory response in SAAT. Although
in both phases the effects of severe calorie restriction rep-
resent the reaction to shortage of calories/nutrients (ie,
induced lipolysis, reduced storage of lipids), the expres-
sion of regulatory cofactors involved in these processes is
different in the early and later phase of the VLCD. The
diet-induced modifications in metabolic and inflamma-
tion-related functions of AT did not appear to play a piv-
otal role in the improvement of IS at the early phase of the
VLCD. The processes observed after 28 days of the VLCD
probably contribute to adaptation of SAAT to prolonged
calorie restriction through the saving of substrates. More-
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over, the correlation of the changes in metabolic genes in
SAAT with metabolic indices and FGF21 suggest the pos-
sible cross talk of SAAT with liver function during the
VLCD.
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