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ABSTRAKT

Uvod:

Akt kinaza (Akt) je soudasti kaskad prevadéjicich signaly vasoaktivnich a ristovych faktori.
Akt-dependentni procesy se podileji na regulaci mechanismti relevantnich pro renalni
patofyziologii jako jsou syntéza proteini, viabilita, produkce NO, reabsorbce sodiku atd.
Poruchy regulace rendlnich isoforem cyklooxygenaz produkujicich biologicky vyznamné
prostanoidy mohou rovnéZ piispét k znamym patofyziologickym mechanismiim v rozvoji
nefropatie a hypertenze jako diisledek molekularnich abnormalit pfi diabetu.

Cil:

Prace je zamé&fena na studium aktivity Akt a jejich efektoril, proteind ,,mammalian target of
rapamycin“(mTOR) a endotelidlni NO syntiazy (eNOS), spolu s expresi a aktivitou
cyklooxygenazy 2 (COX2) v &asnych fazich diabetu a jejich ulohu v patofyziologii renalnich
morfologickych a hemodynamickych zmén pfi diabetu.

Material a metody:

Aktivita Akt v rendlnim kortexu byla méfena pomoci kinazové assay. Exprese proteint byla
kvantifikovina immunoblottingem. Studie byly provadény na modelu DM, tj. na potkanech
u nichZ byl diabetes navozen podédnim streptozotocinu. Pokusna zvifata byla rozdélena do 3
skupin. Prvni skupina diabetickych zvifat byla ponechana bez lécby (STZ0), druba skupina
(STZ4) byla 1égena 4 jednotkami insulinu denné a tfeti skupina (STZ 12) byla 1éCena 12
jednotkami insulinu denné. Cilem rozdilného davkovani insulinu bylo navozeni rizaého
stupné metabolické kontroly a inzulinemie. Potkany kmene Zucker (ZDF) a kontrolni Lean
potkany (ZL) ve v&ku 4 a 12 tydni jsme pouzili jako model DM2.

Vysledky:

U STZ potkanii odpovidala aktivita a exprese Akt a mTOR mife metabolické kompenzace s
poklesem aktivity u hyperglykemickych STZ0 potkanG a obnovou aktivity s ohledem na
intenzitu 1é8by insulinem. ZDF potkani demontrovali narist aktivity Akt a mTOR spolu se
zvySenou expresi COX2 v zavislosti na rozvoji metabolického syndromu na rozdil od exprese

‘aktivni eNOS, ktera byla za téchto podminek sniZen4 v porovnani s kontrolni skupinou.

Akutni podani wortmanninu (100 pg/ kg) redukovalo produkei prostanoidii v mo¢i spolu s
rendlni aktivitou Akt a mTOR u ZDF, ale ne u kontrolni skupiny.

Zavér:

Pozorovéni u diabetickych STZ potkanii ukazuje, Ze hodnota glykémie je spolu s intenzitou
16&by insulinem duleZitym modulatorem Akt/mTOR kaskady u DM1. Na rozdil od alterace
signalizace ve vasodilatani Akt/ eNOS kaskadé, nalezy nesv&d¢i pro piitomnost insulinové
rezistence v hypertrofické kaskadé Akt/ mTOR u ZDF. ZvySena exprese COX2 pak rovnéZz
naznaduje progradujici endothelialni dysfunkci u tohoto DM2 modelu. Zminéné mechanismy
tak mohou pFispét k objasnéni strukturalnich a hemodynamickych abnormalit asociovanych s

_Casnymi fazemi diabetické nefropatie v zavislosti na metabolickeé kontrole a rozvoji

metabolického syndromu.




SUMMARY

Introduction: Renal hypertrophy, extracellular matrix accumulation, altered apoptosis as well as

changes in regional hemodynramics have been implicated in the pathophysiology of nephropathy in
. diabetes mellitus (DM). On the molecular level the detailed mechanisms for development of diabetic
nephropathy (DN) have been intepsively studied. Insulin induces a variety of biological effects in a
~number of cell types via phosphatidylinositol-3 kinase (PI3K)/Akt kinase signaling pathway.
~ Considering multiple function of Akt that include potentially harmful pro-growth effects mediated by

mTOR and cyclooxygenas-2 (COX-2), as well as protective effects mediated by endothelial nitric
oxide synthase (eNOS), it is possible that alterations in activities of Akt may play role in the
“pathophysiology of DN.

Aim: Renal cortical activity and expression of Akt, its down-stream effectors mTOR, eNOS, and
“COX-2, as well as PTEN, an endogenous Akt inhibitor, were investigated in streptozotocin (STZ)-
~diabetic rats as a model of Type 1 DM with different levels of glycemic control, and in Zucker
iabetic fatty rats, a model of DM2, and in nondiabetic rats as controls.

‘Methods: Akt activity was measured by kinase assay. Protein expressions were measured by
“immunoblotting and immunochistochemistry in renal cortex of 4- and 12- week old Zucker rats (ZDF),
“and lean controls (ZL). STZ rats were treated with various doses of exogenous insulin per day (0U,
U, 12U of insulin) to obtain different levels of metabolic control (STZ0, STZ4, STZ12). The
~measurements were made 4 weeks after induction of DM, and results were compared with age
matched non-diabetic control rats (K).

‘Results: Physical and metabolic parameters in all groups of STZ and control rats reflected differences
- in metabolic control. In accordance with increased plasma insulin concentration, renal Akt activity and
_expression of active Akt (P-Ser 473-Akt) paralleled the differences in metabolic control and insulin
“treatment, with a significant reduction in STZO rats, partial restoration in moderately hypeglycemic
STZA4 rats, and normalization in STZ12 rats, as compared to K. Expression of total Akt protem did not
_differ between groups. Expression of active mTOR corresponded to Akt activity in STZO0, but not in
STZ4 and STZ12 that demonstrated increases in active mTOR as compared to K.
' ZDF rats demonstrated age-dependent progressive hyperinsulinemia and other metabolic
abnormalities. Renal Akt activity. and P-Ser 473 Akt were significantly ephanced in ZDF12 as
“compared to ZL. PTEN protein expression was similar in ZDF and ZL rats. Corresponding to
increases in renal Akt activity, ZDF12 rats demonstrated enhanced phosphorylation of mTOR,
increased COX-2 expression and urinary secretion of prostanoids. In contrast to mTOR, eNOS
phosphorylation was similar in ZDF and ZL rats, despite higher total eNOS expression. Acute PI3K
~ inhibition with wortmannin (100 pg/kg), used as inhibitor of insulin signaling, attenuated renal Akt
- and mTOR activities and reduced prostanoid release in ZDF, but not in ZL rats.

- Conclusions: Glycemic control and intensity of insulin treatment are important modulators of renal
Akt and mTOR activity in experimental Type 1 DM. However, in addition to Akt, other signaling
" pathways contribute to renal mTOR activity in Type 1 DM. In experimental Type 2 DM, increased
~renal activity of Akt and mTOR suggests no resistance in insulin pro-growth signaling while
vasodilator, and potentially protective Akt/ eNOS pathway is impaired in this condition. In addition,
PI3K/ Akt signaling has been linked to increased renal expression and activity in COX-2, a known
“player in renal pathophysiology. Altogether, these findings support recently emerging evidence about
~the role of alterations in renal Akt activity in the pathophysiology of nephropathy in DM.
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Uvod do diabetické nefropatie a Akt signalizace (literdrni reerse)

1.1. Diabetes mellitus

Diabetes mellitus je chronické endoknnni onemocnéni vznikajici jako nasledek fady faktori
zevnich a genetickych puisobicich sou€asné. V pravém slova smyslu neni diabetes jednou
chorobou, ale syndromem, jehoZ zakladem je nedostatetné piisobeni insulinu projevujici se
zvySenim hladiny glukosy v krvi. Onemocnéni zarovefi postihuje i hospodafeni s ostatnimi
zivinami a ovlivituje tak celkovou pfeménu latek v organismu. Nedostatetné ptisobeni
insulinu miiZze byt zpisobeno bud’ jeho absolutnim nedostatkem nebo jeho chybnou funkei pii
relativnim nadbytku insulinu. Diky tomu také rozliSujeme dva zakladni typy diabetu, které
maji podobné manifestaéni projevy, ale odli$né pii¢iny vzniku.

1.1.1. Diabetes mellitus 1. typu (DM 1)

Vznika nejéastéji v détstvi nebo v mladi, miZe viak vzniknout kdykoliv béhem Zivota.
Onemocnéni se vyznaduje rizné rychle probihajicim zinikem B - bunék pankreatu vedoucim
aZ k absolutnimu nedostatku insulinu. Lé¢ba proto vidy vyZaduje celoZivotni dodavéani
insulinu. Pfi¢inou onemocnéni je kombinace genetickych vlivii, autoimunitniho procesu a

-spoustéée, kterym muZe byt napt. virova infekce.

1.1.2. Diabetes mellitus 2. typu (DM 2)
Je nejb&zn&j§im typem diabetu. K manifestaci onemocnéni dochézi nejcastéji po 40. roce

tifaktoridlni onemocnéni rozvijejici se postupné v dusledku insulinové rezistence a
poruchy sekrece insulinu. Vznik DM2 je davan do souvislosti s genetickymi vlivy, nezdravou
znfdﬁ, stresem, nedostatetnym pohybem a zejména s nadvahou. Zakladem lé&by
onemocnéni je dodrzovani diety. Dalsi lécba spodivajici v podavani léka. Pozdgjsi insulinova
ba nastupuje a¥ v piipadé, je-li pfedchozi 1é¢ba neefektivni. Hlavnim pfedpokladem pro

Qu 1é€bu je trvalé sniZeni nadvahy a pravidelny pohybovy a dietni reZim.




.. Zakladni aspekty diabetické nefropatie
. Definice a epidemiologie

éticka nefropatic (DN) je chronické progresivné postupujici onemocnéni vznikajici na
ladé specifickych morfologickych a funk&nich zmé&n ledvin u pacientii s diabetem.
emocnéni je disledkem spoluplisobeni dlouhodob& pisobici hyperglykémie, dosud
fésné definované genetické predispozice, hypertenze a fady dalSich faktord. Hlavnimi
dinickymi projevy DN jsou perzistujici albuminurie (>300mg/ 24 hod), hypertenze a
pny-pokles rendlnich funkci. DN postihuje piiblizng 30% DM1 pacientii. V zemich
obrou trovni diabetologické pé&e se dafi v poslednich letech podil téchto pacientil sniZzovat
véasnému zahajeni nefroprotektivni 1é&by. Riziko vzniku DN u DM2 osob je obdobné,
ale vzhledem k vysoké kardiovaskulamni mortalit€ daje o vyskytu DN u DM2 kolisaji ve
%&im rozmezi nez u DMI1. Z diivodu vysokého potu DM2 pacienti predstavuje DN u
oto typu diabetu narlistajici medicinsky a ekonomicky problém. Mimo to celosvétové
stoji znatné rozdily vincidenci onemocnéni vriznych etnickych skupinich. U
oameriCanil, Asiatli a piivodnich obyvatel Ameriky je riziko rozvoje onemocnéni vy3si nez
ilé populace (Muneta B a kol. 1993). DN je nejcastéjsi pfi¢inou chronického selhani ledvin
fade vysplych zemi (Ritz E 1999). Piiblizn& jedna tfetina DM1 pacientd, u nich# byla
agnostikovana manifestni DN dospéje bez terapeutické intervence do stidia selhani ledvin
DR). ESDR se rozviji u 50% t&chto DMI1 pacientd v priib&hu 10 let a u 75% z nich po
ynuti 20 let. Kumulativni incidence ESDR je u DM2 pacientl nizii. Po 20 letech od
eveni manifestni DN dosahuje hodnot kolem 20% (Molitch ME a kol. 2004). Mortalita,
soké naklady a sniZend kvalita Zivota spojena s hemodialyzou motivuji vyzkum zabyvajici
piiCinami a 1écbou, ktera by bud’ zcela zabréanila nebo alespoit vyrazné omezila rozvoj
mmocnéni az do stadia ESDR. V soucasné dobé& je 1é¢ebny postup zaméfen pfedeviim na
Zovani uspokojivé metabolické kompenzace a Grovné sérovych lipidi, kontrolu krevniho
u s Sastou potiebou kombinatni terapie ndkolika riznymi typy antihypertenziv, dietu
otivajici v omezeni piijmu soli, tuki a bilkovin ve stravé a zakaz koufeni. Ve fazi
 chronické renalni insuficience je dile nutno korigovat pfipadnou t&z3i acidézu a preventivné
obit proti vzniku sekundarni anemie a kostni choroby.



9. Stadia a klinicky prubéh onemocnéni

m 1. (hyperfiltraén& hypertrofické) je charakterizovano zvétSenim velikosti ledvin a
nim glomerularni filtrace (GFR) o 20-40%. (Mogensen CE a kol 1983). V priibéhu
;ka let pfechazi nemocnéni do stadia 2 (latentni), kdy je klinicky zcela némé. Prvnim
ky prokazatelnym stadiem DN je stadium 3. (incipientni DN), které se vyviji cca po 6-
tech standardni 1é¢by. Albuminurie dosahne klinickych hodnot (30-300 mg/ den).
ymto stadiu dochdzi rovnéZ ke vzestupu krevniho tlaku, &asto v rimei normélnich hodnot,
entnich poznatkli lze u nekterych pacientli zaznamenat polinajici pokles GFR.
um 4. se vyznauje makroalbuminurii (>300mg/ 24 hod), coZ odpovidd proteinurii
00mg/ 24 hod), hypertenzi a progresivnim poklesem GRF. Paralelné vyrazné nartistd
waskul4rni riziko a sklon k anemii ve srovnani s nediabetickymi pacinty se srovnatelnou
Terminalni stadium 5. se vyzna€uje chronickym selhanim ledvin vyZadujicim zafazeni
gramu nahrady funkce ledvin

3. Patofyziologie

ina vzniku DN je spatfovana v souhfe genetickych, metabolickych a hemodynamickych
orli. Relevantni faktory tak napfiklad zahrnuji mechanicky stres vznikly disledkem
zménéné glomerularmi hemodynamiky, mechanismy spojené s pusobenim hyperglykémie a
orii diabetického milieu, jako napfiklad tvorbu pozdnich produktd glykosylace (AGE),
priovani polyolové cesty, zv3’r§énou tvorba volnych radikali, dale pak aktivaci
zandtlivych pisobkid a ristovych faktori (angiotenzin II, transformujici nistovy faktor
.endotelialni ristovy faktor, atd.) ”

3.1 Metabolické faktory
3.1.1. Uloha hyperglykémie

namo, 7e u pacienti’l se §patnou metabolickou kontrolou je p‘rﬁbéh DN rychlejsi. Na
Olekulérni Grovni je plsobeni hyperglykémie spojovano mimo jiné s vystupiiovanim
olyolové a hexosaminové cesty, tvorbou g]ykacmch produktl , oxidaénim stresem a dal§imu
echanismy. Metabolické faktory se rovndz samostatn® nebo ve spolupraci s
emodynamwkymn faktory podileji na aktivaci kiniz zapojenych do pfenosu signaku (napf.
otein kinazy C nebo mitogeny aktivované protein kinizy), nukledrnich transkrip&nich
aktor (napt. nuklesrni faktor kappa B), riistovych faktori a dalSich faktord piispivajicich
patogenezi onemocneni (Cooper ME 1998, Wolf G 2004).




1.2.3.1.1.1. Tvorba glykosylaénich produktii

Produkty pokrogilé glykace (AGE) tvoii heterogenni skupinou latek vzniklych
neenzymatickou glykaci a vlivem oxida¢niho a karbonyloveho stresu. Tvorba AGE je
dlouhodoby proces. Alterace tak postihuji pfedevsim proteiny s dlouhym polotasem jakymi
jsou bazilni membrany nebo slozky bun&né matrix a cévni komponenty (Heidland A a kol.
2001). AGE mohou pfimo poskodit strukturu extracelularni matrix, zménit fyzikalni a
chemické vlastnosti proteind, jejich metabolismus a funkce (Singh R a kol. 2001). AGE
mohou rovnéz piisobit pfes specifické receptory RAGE (receptory pro AGE) nalezi do rodiny
imunoglobulinovych receptor: b&Zn& exprimovanych na povrsich bundk (Yamamoto Y a kol.
2001). Stimulace t&chto receptord vede k aktivaci kaskad nepfiznivé ovliviiyjicich vitalitu,
funkce a troficky stav bundk, nebot’ pfispiva ke zvySené tvorbé kyslikovych radikalii s
naslednou aktivaci nuklearniho faktoru kappa B (NF-kappa B) a zvySené syntéze cytokind,
riistovych faktort a adheznich molekul. Témito ucinky AGE je vysvétlovana jejich uCast na
patogeneze zivaznych vaskuldrnich komplikaci diabetu vEetne nefropatie a renélniho sethani
(Singh R a kol 2001).

1.2.3.1.1.2. Hexosaminova cesta

Hexosaminova cesta predstavuje daldi moZny smér metabolismu glukosy. Ta je nejprve
zpracovana v ramci procesu glykolyzy na fruktoso-6-fosfat a nasledné enzymem glutamin:
fruktose-6-fosfit aminotransferdzou konvertovana na glukosamin-6-fosfat. Tato latka slouZi
jako prekursor pro syntézu glykoproteinii, glykolipidd, proteoglykani a glykosaminoglykanii.
Vystupiiovini hexosaminové cesty vkoneéném disledku ovliviluje bun&ny rist, syntézu
extracelularni matrix nebo oxidativni stres. Konkrétng v ledvinach je pak hexosaminova draha
zapojena napfiklad v transaktivaci genli extracelulirni matrix skrze mechanismus zahrnujici
spoluplisobeni transformujiciho ristového faktoru beta a regulace aktivity cAMP
rozpoznavajiciho faktoru, na kterém se podili protein kinazy A a C (Singh LP a kol. 2001,
Singh LP a kol. 2004 ).

1.2.3.1.1.3.  Polyolovi cesta

V ramci polyolové cesty metabolismu glukosy je glukosa prostfednictvim aldosoveé reduktézy
za pispéni ko-faktoru nicotin amin fosfo dinukleotidu (NADPH) redukovana na sorbitol.
NADPH je nutny pro udrZovani hladiny nitrobun&ného glutathionu-dileZitého antioxidantu.
Spotiebovavini NADPH vystupiiovanim polyolové cesty tak pispiva ktvorbé ROS.
Akumulace sorbitolu, kniZz dochizi vdisledku nadmémé dostupnosti glukosy pfi
hyperglykemii, ma tak mimo jiné za nasledek poruchu vnitrobun&éné homeostize vzniklou na
podkladé zvy¥ené osmolarity, imbalance redoxnich potencialii, zvysené akumulace DAG a
aktivace PKC isoforem, coZ vede k rozvoji éetnych komplikaci diabetu véetn€ DN (Koya D a
kol. 1997, Ii S a kol. 2004, Steffgen J a kol. 2003).



1.2.3.1.1.4. Oxidativni stres

ZvySeny oxidacni stres je béZnym patologickym faktorem diabetickych komplikaci.
Zikladem oxidatniho stresu je zvySena tvorba reaktivnich forem dusiku, kysliku a
lipoperoxidii, které nesta€i zneskodnit antioxidaCni systém. Za diabetickych podminek byly
napfiklad zjistény sniZené koncentrace kyseliny askorbové, alfa-tokoferolu spolu se sniZzenou
aktivitou enzymi odstrafiujicich ROS jakymi jsou superoxid dismutisy a glutathion.
Reaktivni formy kysliku (ROS) provadéji piimé oxidace spojené s poskozenim struktury a
funkce lipidd, proteimi a nukleovych kyselin. Pfispivaji tak k patogenezi diabetickych
komplikaci (Brown]ee M. 2001). Mime to se ROS rovnéZ podili na regulaci mnoha
buné&nych procesti véetné proliferace, kontroly bunééného cyklu nebo apoptosy a to diky
ovliviiovani procesu bunétné signalizece na mnoha trovnich (Thannickal VJ a Fanburg BL

2000, Kunsch C a Medford RM.1999).

Aerobni metabolismus cbratlovei je zavisly na procesech oxidaéni fosforylace, béhem
kterych je oxidatné-redukéni energie elektronového transportu mitochondrii pfedstavovaném
Styfmi proteinovymi komplexy dychaciho fetézce déavajici vznik protonovému gradientu
pfevedena patym komplexem, ATP syntetazou, na vysokoenergetlckou fosfatovou vazbu v
molekule ATP. Cast energie proteinového gradientu je pak preménéna, diky &nnosti UCP
like proteind, na teplo vyuZivané k udrZeni télesné teploty. Hyperglykemie primarn€ indukuje
tvorbu ROS diky zminénému elektron transportnimu fetézci mitochondrii. Vystuphovani
procesi glykolyzy a beta oxidace v diabetickych podminkéich vede ke zvySené tvorbé donorti
clektroni (NADH a FADH2), diky ¢emuZz dosahne elektrochemicky napéfovy gradient
v mitochondrii hrani¢ni hodnoty. To vie pak v konefném diisledku vede ke kolapsu elektron
transportniho fetézce a tvorbé ROS. Mimo popsané d&je vSak existuje fada dalSich
mechanismi zvySujici tvorbu ROS v diabetickych podminkach. Vystupiiovani polyolové
cesty sniZzuje hladinu cytosolického NADPH a glutathionu. Proces tvorby ROS muZe byt
stimulovan také &innosti glykosylaém’ch produktii. RovnéZ aktivace NADPH oxidazy se zda
byt dileZitym mechanismem zvySujicim oxidagni stres béhem dlabetu ( Li JM a Shah AM.
2003).

Hyperglykémie
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Obr 1: Patofyziologické efekty hyperglykémie. Reaktivni formy kysliku (ROS) jsou medidtorem
patofyziologického efektu hyperglykémie. ZvySend tvorba ROS prostfednictvim oxidativniho stresu pfispiva
k patogenezi diabetickych komplikaci a mimo jiné se podili na aktivaci protein kindzy C a NF- kappa B; zvyiené
produkci produkti pokrofilé glykace (AGEY), sorbitolu, prostanoidi nebo cytokind (Wolf G 2004 ).



1.2.3.2. Hemodynamické faktory

Hemodynamické faktory zapojené v patogenezi DN zahrnuji zvySeni systémového a
intraglomerularniho tlaku a aktivaci niznych hormonalnich vasoaktivnich drah v&etné
systému renin-angiotensin (RAS) a endotelinu.

Zmény intraglomerularniho tlaku jsou dusledkem hyperglykemii indukované poruchy
glomerularni kapildrni autoregulace vzniklé vlivem nerovnovahy v aktivité vasoaktivnich
faktord (napf. angiotensin II, prostanoidy, NO, endotelin-1 , atd. ) ovliviiujicich aferentni a
eferentni arteriolarni tonus (Anderson S a Komers R 2004), coz vede ke vzestupu
glomerularni filirace a ke zvySeni rendlniho plazmatického prutoku. Pokles aferentni
rezistence pak rovnéZ usnadiiuje pienos systémovych tlaki do glomeruli a je podkladem pro
vznik ,.glomerularni hypertenze®. Vyznamnym faktorem pfispivajicim k rozvoji hyperfiltrace
je také glomerularni hypertrofie zvy3ujici filtraéni plochu glomeruli a tim také ultrafiltraéni
koeficient. Glomerularni hyperfiltrace pfedstavuje vyznamnou funk&ni zménu zapojenou
v patogenezi DN. Tento klinicky dobife popsany fenomén se obvykle sdruzuje se vzestupem
filtra¢ni frakce. Kromé disbalance aferentniho a eferentniho arterialniho tonu se na vzniku
diabetické hyperfiltrace muZe podilet i porucha tubuloglomerularni zpétné vazby (Vallon
V 2003).

1.2.3.3. Cytokiny a ristové faktory

Na vzaniku DN se podili fada riznych ristovych faktoni, cytokini a chemokinii (Flyvbjerg A
2000, Wolf G 2003, Chiarelli F a kol. 2000, Ziyadeh FN 2004, Schrijvers BF a kol. 2004). Je
znamo, Z%e angiotenzin Il (Ang II) a transformujici nistovy faktor beta (TGF-beta), dva
dtleZité profibrogenné-hypertrofické faktory, jsou uzce spjaté s patogenezi DN (Ziyadeh FN
2004, Wolf G a kol. 1992). Jak Ang I, tak systém TFG beta se vyznamné podili na indukci
diabetické renalni hypertrofie a produkci extracelularni matrix (Wolf G a kol. 1992). Vyzkum
prokizal, ¥e ke stimulaci tdchto faktori dochazi mimo jiné G&inkem hyperglykemie,
glykosyla¢nich produktii nebo ROS (Zhang SL a kol. 2000, Singh R a kol. 2003, Leehey DJ a
kol. 2005, Yamagishi S a kol. 2003, Fukami K a kol. 2004). Oba faktory jsou funkéné
propojeny. Hovoii se dokonce o vyznamu prosklerctické a profibrotické osy renin - Ang I -
TGF beta. Utlum této osy inhibitory RAS podstatné zpomaluje rozvoj glomerulosklerosy a
intersticialni fibrosy. Pfibyva diikazu i o uéasti dalich faktord jako je destitkovy nistovy
faktor (PDGF), ristovy faktor pojivové tkan& (CTGF), vaskularni endotelialni ristovy faktor
(VEGF), insulin-like ristovy faktor, epidermalni riustovy faktor a dalsi. (Flyvbjerg A 2000).
Extracelularni matrix (ECM) pfedstavuje velmi dynamickou strukturu. Deposita ECM
v ledviné& jsou zavisla na rovnovaze syntézy a degradace ECM. Hyperglykémie a G¢inky TFG
beta nejenZe zvy3uji syntézu ECM v diabetické ledvin€, ale zaroven také snizuji miru jeji
degradace inhibici proteolytickych systémd plasminu a metalloproteinaz (Ha H a Lee HB
2003).
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1.2.3.4. Uloha zinétu

Progrese DN je vyznamné ovlivn€na piitomnosti zanétu. Jak v glomerulech, tak v renalnich
tubulech se nachdzeji infiltrované monocyty produkujici fadu latek jako jsou ROS, faktory
komplementu nebo prozanétliné cytokiny. Profibrogenni cytokiny produkované makrofagy
jako napiiklad TGF-beta, plasminogen-activyjici inhibitor nebo inhibitor metalloproteinases
se pak podileji na zvySené produkci ECM v diabetickych ledvinach (Sean Eardley K a
Cockwell P. 2005).

1.2.3.5. Zmény signilni trausdukce v diabetické ledviné

V disledku pusobeni hyperglykémie, akumulace glykosylagnich produktil, vystupfiovani
hexosaminové a polyolové cesty nebo pisobeni ROS a fady vasoaktivnich a ristovych
faktorti dochazi v ledvinach, ale i dalSich orginech a tkanich postizenych diabetem, ke zméné
signalni transdukce projevujici se alteracemi v kaskadach proteinovych kindz a dalsich
signalnich molekul zaji$t'ujicich intercelularni a intracelularni komunikaci.

V souvislosti s rozvojem diabetické nefropatie je dobfe znama aktivace protein kinazy C
(PKC). Rodina PKC je skupinou piibuznych, ubikviternich, serin-thereoninovych kinaz.
Individualni formy PKC ovliviiuji fadu buné&nych procesii véetné permeability, kontraktility,
proliferace, apoptdzy, regulace genové exprese nebo tvorby ECM (Meier M a kol. 2007).
V souvislosti s rozvojem DN se uplatiiuji zejména klasické PKC isoformy, PKC alfa a PKC
beta 1. (Meier M a kol. 2007a). PKC se dale podili i na aktivaci dalsi vyznamné signélni
kaskady aktivované pii DM a specificky v ledvinach, kterou jsou tzv. mitogeny aktivovana
proteinové kinazy (MAPK), zejména pak ,extracellular signal-regulated kinase“ (ERK)
kindza ERK p42/44. V procesu progrese DN se vyznamné uplatiluje i dal$i kinaza z rodiny
MAPK kterou je stresem aktivovana p38 MAP kin4za. K aktivaci MAPK miZe dojit, stejné
jako v piipadé PKC, rovn&Z synergickym pusobenim hyperglykémie a vasoaktivnich,
popiipadé ristovych faktori s mnoha disledky pro funkei a troficky stav bunék.

1.2.3.6. Uloha zmén regulace bunénéhe riistu

Buné&ény cyklus pfedstavuje soubor vysoce organmizovanych, vzijemné navazujicich dg&ji
zahrnujicich expresi gend primarni a sekundarni odpovédi kodujicich proteiny nezbytné pro
vlastni realizaci buné&ného cyklu. Regulace bunééného cyklu se uskuteciiuje na vice urovnich
a rozhoduje o tom, zda buitka bude fungovat v neprolifera¢nim modu (GO faze) nebo
v prolifera¢nim modu bun&ného cyklu a podstoupi buné€né déleni. Vstoupi-li bunka vlivem
stimula&niho signilu do bunétného cyklu, potom opakovang prochazi jednotlivymi fizemi
cyklu (G1-S-G2-M-G1) az do okamziku, kdy je signalnimi mechanismy nasmérovana ke
zpétnému prechodu do klidové GO faze. Hlavni ulohu pii fizeni progrese maji cykliny a cyklin
dependentni kinazy (CDK). Zastavi-li bufika sviij prichod bun&nym cyklem v uritych
bodech cykiu, d&je se tak v disledku nepfiznivych okolnosti. Jeden takovy bod je v G1 fazi.
G1 blok je typicky pozorovan v mesangialnich bun&kach diabetickych ledvin nebo in vitro u
mesangilnich bunék péstovanych v podminkach vysoké koncentrace glukosy v mediu a je
doprovazen zvySenou expresi inhibitori CDK jako napf. p21 WAF1 a p27 KIP1, které
inaktivuji funkéni komplex CDK a tim zabrani dokonteni G1 faze cyklu a pfechodu do S faze
cyklu. Kromé& hyperglykemie se na zvySené expresi a aktivit& inhibitori CDK v ledvinach
podileji napiiklad TGF-beta a Ang 11 (Marshall CB a Shankland SJ 2006, Wolf G 2000).



1.2.4.2, Strukturné-funké¢ni vztahy v diabetické ledviné

Zaroveil s expanzi mesangia v glomerulech dochazi ke kompresi kapilar a poklesu plochy
filtrace (Mauer SM et al. 1981, Mauer SM et al. 1984). Jak ukazuji morfometrické analyzy,
mesangialni frakéni objem [Vv (mes/glom)} vyjadiujici miru mesangidlni expanze pfesné
koreluje nejen s mirou glomerulamni filtrace, ale také s proteinurii a dokonce s hypertenzi
(Dalla Vestra et al. 2001).

Strukturné-funk&ni vztahy u DM2 jsou v porovnini sté€mi u DMI1 pacienth mén&
signifikantni v disledku vysoké heterogenity histologického nalezu (Fioretto P a kol. 1998).
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Obr. 2: Mechanismus vedouci k pofkozeni podocyti a rozvoji proteinurie v priabéhu
diabetické nefropatie Metabolické faktory diabetického milieu (TGF beta, vysoka hladina
glukosy, glykované proteiny, ROS a ANG II) spolu s hemodynamickymi faktory (mechanicky
stres) indukuji zvy§enou produkci faktord VEGF a ANG II . Dal§im efektem je pak zvySeni
produkce receptoru TGF beta II nebo snizena produkce povichovych integrini. To vse
nakonec vede ke stimulaci produkce kolagenu a alteracim glomerularni membrany zahrmujici
jeji zbyinéni a alterace filtratni bariéry spolu se stimulaci produkce extracelularni matrix,
snizenim produkce nefrinu, podocytopatii nebo potladenim apoptozy. Ulinky TGF beta se
projevuji rovn&Z narustem produkce extracelularni matrix v mesangiu. Zminéné alterace
vedou ke glomeruosklerose a proteinurii pfispivajici k rozvoji tubulointestinalni fibrosy
podilejici se na progresi renalni insuficience. (Wolf G a kol. 2005).




1.2.4. Histopatologické zmény

Patogeneze DN zahrnuje fadu charakteristickych strukturalnich a funk&nich zmén jakymi jsou
glomerularni hypertenze a hyperfiltrace, nasledovana mikroalbuminurii, rozvojem hypertenze,
manifestni proteinurii a nefrotickym syndromem majicim za nasledek progresivni pokles
glomerularni filtrace v pozdé€jSich fazich DN. Je dobfe znamo, Ze jmenované strukturalni a
funk¢éni zmény spolu Gzce souviseji. Porozuméni témto vztahim je zakladem celkového

pochopeni vzniku a progrese DN.

1.2.4.1. Histologicky obraz v diabetické ledviné

Glomerulopatie, charakterizovana zhu§fovanim basdlni membriny a zvétSovanim objemu
mesangia zpusobeném zvy3enou tvorbou a ukladanim extracelularni matrix a hyperirofti
bungk mesangia , je asnou a nejduleZit&j§i morfologickou zménou u DM1 (Dalla Vestra M a
kol 2000, Fioretto P a kol. 1995, Brito PL a kol. 1998). V glomerulech se rovnéZ nachizeji
infiltrované monocyty ovliviiujici hypertrofii glomerull produkci cytokini. S pokrogilosti
onemocnéni naristd mesangialni expanze, kterd miZe vytvaret tzv. difuzni diabetickou
glomerulosklerozu nebo nodularni diabetickou glomerulosklerézu (Kimmelstiel-Wilsonovy
noduly). Nodulami formace jsou pravdépodobné disledkem postupné progrese difuznich
1ézi. S rozvojem glomerulopatie koreluji alterace filtraini bariery (Wolf G and Ziyadeh FN
2007) branici pohybu solut na zéklade jejich velikosti a niboje. Pii stejné velikosti jsou pak
filtrovany kationy 1épe neZ aniony. Zmény architektury a sloZeni glomerularni membrany pfi
diabetu zahmuji kromé kvantitativnich a kvalitativnich zmén kolagenu IV rovnéz zmény
syntézy fibronektinu a zmény naboje proteoglykanu heparin sulfatu, jehoZ negativni naboj
brani filtraci sérového albuminu. Charakteristickou alteraci pfi diabetu je rovnéz
podocytopatie { Wolf G a kol. 2005) vyznadujici se poklesem pottu a density podocyti,
glomerularnich visceralnich buné&k epitelu, vytvéarejicich glomerularni membrané péry volné
propustné pro vodu a solventy s malou molekulovou hmotnosti, ale relativné nepropustnou
pro plasmatické proteiny (Tryggvason K. 1999, Wartiovaara J a kol. 2004). Soufasné
srozvojem glomeruloskledzy dochazi rovnéZz ke zménam v tubulointersticiilnim
kompartmentu. Tyto zmény obvykle odrazi stupei cévniho poSkozeni a jsou urujicim
faktorem rychlosti progrese renaini insuficience. Mezi charakteristické zmény v tomto
kompartmentu pak nalezi pifedevS$im intersticidlni fibroza, tubularni atrofie a infiltrace
mononukleary ( Dalla Vestra M. a kol. 2000, Lane PH a kol. 1993, Harris RD a kol. 1991).
Tubulointerstici4lni hypertrofie se vyznamng podili na riistu velikosti ledvin.

Podobné jako u DM1 je také u DM2 mesangialni expanze kliCovou strukturélni
abnormalitou vedouci k zaniku funkce ledvin. Nicméng, na srovnatelné urovni renalni funkce
jsou glomerularni zmény u DM2 méné pokrocilé a fada DM2 pacientti dokonce vykazuje
normalni glomerulami strukturu navzdory abnormalnimu vylu¢ovani albuminu. Dalsi skupina
pacientd pak vykazuje atypické zmé&ny projevujici se relativn€ mimymi glomerularnimi
zménami spolu s disproporéné pokroédilymi tubulointersticidlnimi a vaskularnimi zménami
(Fioretto P a kol. 1996, Brocco E a kol. 1997).




R

1.3. Modely zviiat pouzivané pro studium diabetu

Zvifata jako mys$i, potkani, prasata, psi nebo kocky se vyuZivaji jako modelové organismy pfi
studiu diabetu jiZ po desetileti. N&které z pouzZivanych zvifecich modeld jsou spontanni, jiné
vznikaji po podani toxickych substanci. : ‘

1.3.1. Hlodavci jako model nefropatie

V ramci experimentu jsou u laboratornich zvifat studovany patogenetické mechanismy vzniku
a progrese poskozeni ledvin v prib&hu diabetu a moZnosti jejich prevence a 1éby.
Experimentalni modely hlodavcti vykazuji Fadu strukturilnich a funkénich zmén
pozorovanych rovnéz u lidi jako napiiklad ndrst glomerularni filtrace, rendlni hypertrofii,
albuminurii nebo glomerularni a tubulointestinalni abnormality. Idealni model DN v3ak
neexistuje. Mnohé zpoznatki o DN byly ziskiny diky experimentilnim studiim
insulinopenického modelu potkana po aplikaci streptozotocinu pfedstavujicim model DM1.
Existuje rovnéZ cela fada hyperinsulinemickych DM2 modelld majicich geneticky zaklad,
které vykazuji poskozeni ledvin a metabolické abnormality v zavislosti na na véku, vyZivé
nebo pohlavi pokusnych zvitat.

1.3.1.1. STZ potkan - model DM1

Experimentalni DM1 model 1ze indukovat chemickou destrukci B bunék pankreatu. Za timto
ucelem se obvykle vyuZivaji vysoké davky chemickych latek streptozotocinu (STZ) a
aloxanu. Z diivodu vyS§i specifity je preferovano uZiti STZ (Lown N a kol. 1979, LeDoux
SP a kol. 1986), ackoli je jeho pisobeni ovlivn&no fadou faktori jako napiiklad pohlavim
nebo kondici pokusného zvitete (Okamoto H 1981).

Model STZ potkana je dobf'e popsan. Je charakterizovan nariistem hladiny glukosy
v krvi, ztratou té€lesné hmotnosti a renalni hypertrofii (Reckelhoff JF a kol. 1993, Komers R a
Cooper ME 1995, Shankland SJ a Scholey JW 1995). Pokusna zvifata rovnéz v ranych fazich
onemocnéni vykazuji narist glomerulami filtrace, variabilni renaini plazmaticky objem a
renalni hypertrofii (Allen TJ a kol. 1990). S postupen &asu pak dochazi k naristu exkrece
albuminu v moéi (Cooper ME a kol. 1988). Model vykazuje rovnéZ &etné zmény glomerularni
ultrastruktury jako expansi mesangia nebo zbytnéni basalni membrany glomerulu (Cooper a
kol. 1988).

1.3.1.2, Zuckerav potkan — model DM2

Zuckeriv potkan je charakterizovan piitomnosti recesivni fa mutace v gemu kodujicim
leptinovy receptor. Homozygotni (fa/fa) zvifata vykazuji fadu metabolickych abnormalit
vyskytyjicich se u DM2 jako hyperlipidemie, obezita, inzulinova rezistence a
hyperinzulinemie (Zucker LM 1965, Bray GA 1977, Kasiske BL a kol. 1992 |, Bray GA a
York DA 1971, 1979, Bray GA a kol. 1989, Ionescu E a kol. 1985, Kava R a kol. 1989, Stern
J akol. 1972; York DA a kol. 1972). Tato zvifata jsou znamym a oblibenym modelem pro
studium genetické obezity a a hyperplasticko-hypertrofické obezity (Bray GA a York DA
1971, 1979, Bray GA a kol. 1989). Kontrolni Lean potkani, pak pfedstavuji dalsi fenotyp
geneticky neobezniho potkana s absenci jmenovanych abnormalit.

Zuckeriv obézni potkan je rovnéz atraktivnim modelem DM2. Kostemi svalstvo
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Zuckerovych fa/fa potkant je charakterizovano projevy insulinové rezistence (Smith OL a
Czech MP 1983) a poklesem insulinem stimulovaného transportu glukosy (Sherman WM a
kol. 1988). Znamky insulinové rezisience se projevuji rovnéz v jatrech nebo perifernich
tkanich (Terretaz J a kol. 1986a,b). Insulinové rezistence je u modelu asociovana s hypertenzi.
Pfima méfeni stfedniho arteridlniho tlaku prokazala vyskyt zvySeného krevniho tlaku u
obézniho genotypu. Vyse krevniho tlaku pfitom nebyla ovlivnéna hyperfagii nebo vyssi
télesnou hmotnosti (Kurtz TW a kol. 1989). SniZeni kalorického pfijmu vedlo u obéznich
zvifat k ¢asteéné korekci hyperinsulinémie (Cleary MP a kol. 1987), neovlivnilo vak miru
hypertenze majici zdklad patmé ve zvySené aktivité sympatiku (Kurtz TW a kol. 1989,
Overton JM a kol. 1997, Kushiro T a kol. 1991). Je znamo, Ze insulin zvySuje tubulérni
reasorbci sodiku. Insulinem indukovana retence sodiku je tak dal§im patogennim
determinantem hypertenze asociované s obezitou (De Fronzo RA 1981, Brands MW a kol.
1995). Vyssi krevni tlak u obéznich potkanii by viak mohl byt, alespoii z ¢asti, disledkem
innosti RAS (Alonso-Galicia M a kol. 1996), atkoli je ziejmé, Ze na vzniku hypertenze se
podili jesté cela fada dalSich procesii.

Se wvzristajicim vékem se u Zuckerovych potkani objevuje porucha podocyti,
gradujici glomerulosklerosa, tubulointestinalni abnormality, insuficience ledvin, albuminurie
a dalsi znamky rozvijejici se nefropatie (Lavaud S a kol. 1996, Philips A a kol. 1999, Kasiske
BL akol. 1985, Velasquez MT a kol. 1990).

1.4. Uvod do biologie Akt kindzy

Protein kinaza B (PKB, znama téZ jako Akt) (Datta SR a kol. 1999) je serin / thereoninova
kinaza naleZici do rodiny "AGC" proteinovych kinaz (Pearl LH a Barford D 2002, Parker PJ a
Parkinson SJ 2001). Clenové rodiny vykazuji podobnosti ve struktufe katalytickych skupin a
mechanismu akiivace.

Akt protein je produktem Akt genu piedstavujicim homolog retroviralniho onkogenu
v-Akt (Bellacosa A a kol. 1991). Akt signalizace ovlivituje fadu bun&&nych funkci véetné
buné&iného riistu, regulace bunéEného cyklu, syntézy proteinii, pieziti buiiky nebo buné€ného
metabolismu (Brazil DP a Hemmings BA 2001, Scheid MP a Woodgett JR 2001). V soutasné
dob€ jsou znamy 3 isoformy Akt proteinu : Akt 1 (PKB alfa), Akt 2 (PKB beta) a Akt 3 (PKB
gama). Tkafiova a orginova exprese jednotlivych isoforem je uvedena v tabulce 1. Tyto
isoformy vykazujivice vice nez 80% sekvencni homologie (Jones PF a kol.1991). Mezi
jednotlivymi isoformami Akt existuje funk&ni piekryv, viechny obsahuji motiv RXRXXS/T.
VSem tfem Akt isoformam je rovnéZ spolecna pfitomnost N terminalni plekstrin homologické
(PH) domény bohaté na glycin vaZici na sebe 3- fosfatidylinositidy, nasledované kinasovou
doménou a C-terminilni regula¢ni oblasti vykazujici podobnost s podobnou oblasti u
proteinkiniz A a C (Staal SP 1987, Coffer PJ a Jin J 1998, Marte BM a Downward J. 1997).
Katalyticka doména Akt kinazy obsahuje prvni ze dvou kli¢ovych fosforylaénich mist, kterym
je thereonin 308 (Thr 308). Druhé fosforylaéni misto , Serin 473 (Ser 473), je lokalizovano v
C terminalni oblasti (Alessi DR a kol. 1996).
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Tabulka 1: Profil exprese Akt isoforem (Zdycﬁové J a Komers R 2005)

Vysoka aroveii exprese Nizka nebo stfedni Grovefi exprese
Akt 1 |mozek, srdce, varlata, thymus ledviny, jatra, slezina
Akt 2 | hnédy tuk, cerebrum (Purkinjovy mozek, ledviny, plice, slezina, varlata
buiiky), srdce, kosterni svalstvo
Akt 3 | mozek, testes srdce, ledviny, jatra, plice, kosterni svalstvo,
slezina

K aktivaci Akt kindzy dochazi prostiednictvim fady ristovych stimuld jakymi jsou
faktory rlistu a preZivani bungk, insulin, integriny nebo receptory spfazené s G-proteiny.
(tabulka 2). Kaskada d€jii vedoucich k aktivaci Akt kinidzy zahrnuje fadu procesi vetné
translokace na buné&nou membranu a fosforylaci (Bellacosa A a kol.1998). Typicka cesta Akt
aktivace je zprostfedkovana tyrosin kinisovym receptorem jako jsou receptory pro insulin
nebo receptory ristovych faktord (obr. 1) a zahrnuje rovnéZ nasledné procesy zavislé na
aktivité fosfatidylinositol-3-kinasy (PI3 X).

Tabulka 2: Faktory modulujici PI3K-Akt signdlni drihu (Zdychova J a Komers R 2005)

Factor Reference

Vaskulémi endotelidIni ristovy faktor * (Futton D a kol. 1999)
Angiopoetin-1 (Kim I a kol. 2000)
Insulin-like riistovy faktor -1 (Camper-Kirby D a kol. 2001)
Sfingosin-1-fosfat (S1P) (Marletta MA 2001)

Riistovy faktor hepatocyti (Xiao GH a kol. 2001)
Decorin (Schonherr E a kol. 2001)
Mechanicky stres * (Dimmeler S a kol. 1998)
Estrogen (Camper-Kirby D a kol. 2001)
Kyslikové radikaly * (Thomas SR akol. 2002)
Kortikosteroidy (Limbourg FP a kol. 2003)
Angiotensin II (Gorin Y akol. 2001)

Leptin (Vecchione C a kol. 2002)
Transformujici ristovy faktor beta (Chen H a kol. 2001a)

* faktory zapojené do vaskularnich komplikaci diabetu
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L4.1. Aktivace Akt kindzy zavisla na fosfatidylinositol-3-kinize

Heterotetramericky insulinovy receptor je tvofen dvéma podjednotkami alfa lokalizovanymi
na vn¢j§i plasmatické membrané spojenymi disulfidickymi mistky se dvéma
transmembranovymi beta podjednotkami. Vazba insulinu na alfa podjednotky vyvola
konforma&ni zménu vedouci k dimerizaci a aktivaci fyrosinkinazové aktivity receptoru
autofosforylaci receptoru na n&kolika tyrosinovych zbytcich, které pak slouZi jako pfipojovaci
mista pro soubor intracelulamnich signalnich proteinii véaZicich se prostfednictvim své SH2
domény (White MF 1998). Piikladem takovych substrati transfosforylovanych v ramci
pienosu signalu jsou insulin receptorové substratové proteiny 1-4 (IRS 1-4), Shc, Gab2 a dalsi
proteiny (Sun XJ a kol.1991, Sun XJ a kol.1995). V nésledném $ifeni signalu se pak uplatiiuje
napiiklad i aktivita PI3 K (Burgering BM a Coffer JP 1995, Toker A a Cantley LC 1997).
Aktivace PI3 K stimuluje lipid kindzovou aktivitu tohoto enzymu. Vysledkem je ptidani
fosfatové skupiny k inositolovému kruhu a tvorba fosfatidylinositol-3-fosfatu nebo jinych 3-
--fosforylovanych inositidii (PI3P). PH doména Akt kindzy m4 afinitu k PI3P, po vazbé PI3P k
Akt kindze dochazi k transkokaci Akt na plasmatickou membranu (Bellasosa A a kol. 1998,
Toker A a Cantley LC 1997, Coffer PJ a kol. 1998, Marte BM a Downward J 1997).
ZvySena hladina PI3P navic zaroveii piisobi jako vnitrobunéény druhy posel a podili se na
aktivaci Pl-zavislych kindz (PDK1 a PDK2). Translokace Akt na membrinu je spojena s
konformaé&ni zménou a fosforyladnimi procesy provadénymi PDK kinazami (Franke TF a kol.
1995, Toker A a Cantley LC 1997, Franke TF a kol. 1997, Klippel A a kol. 1997, FrechM a
kol. 1997). Pro plnou aktivaci Akt kinazy jsou nezbytné fosforylace na pozicih Thr 308 a Ser
473 (Alessi DR et al. 1996). Fosforylaci Thr 308 provadi PDK1, zatimco PDK2 je spojena s
fosforylaci Ser 473. Fosforylovana a tedy aktivni forma Akt kinazy disociuje z plasmatické
membrany a pisobi fosforylaci podfazenych komponent systému (obr 4.)
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Aktivni Akt
Obr 3: Mechanismus Akt aktivace prostfedrnictvim insulinovéhe receptoru Aktivace Akt kinizy

insulinem prostfednictvim insulinového receptoru zahrmuje aktivaci PI3 K a fosforylaci Akt proteim

prostiednictvim PDK kinaz. Insulin receptorovy substrat (IRS); fosfatidylinositol-3-kinaza (PI3 K); 3-
fosforylované inositidy (PI(4,5)P2, PI(3,4,5)P3); Pl-zavislé kinazy (PDK1, PDK2); plestrin homologicka
doména (PH); kinazova doména (KD) regulaéni doména (RD); Threonin 308 (T 308); Serin 473 (S 473)
(Zdychova J a Komers R 2005).
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1.4.2. Aktivace Akt kinizy nezivisli na fosfatidylinositol-3-kindize

Jak uvadégji nékteré studie, Akt kindza miiZe byt za uritych podminek aktivovana rovné&Z
mechanismem nezavislym na aktivit€¢ PI3 K (Moule SK a kol. 1997, Konishi H a kol. 1996,
Sable CL a kol. 1997, Yano S a kol. 1998, Filippa N a kol. 1999, Perez-Garcia MJ a kol.
2004). Studie podavaji dikaz o zapojeni protein kinazy A (PKA) v procesu Akt aktivace,
zejména na zaklad€¢ zvySené hladiny cAMP v dusledku celé fady signali (Filippa N a kol.
1999). Mechanismus, jakym se PKA podili na procesu aktivace Akt kinazy neni dosud pfesné
znam. Navic se zda, Ze PKA zavislé aktivace nepfedstavuje universaini mechanismus aktivace
Akt kinazy (Shaw M a kol. 1998, Pullen N a kol. 1998). To vie je dosud pfedmétem dalsiho
vyzkumu. V mechanismu PI 3K nezavislé Akt aktivace se muze uplatnit rovnéZ proces
myristoilace, v rimci kterého ma pfidani myristoilaéniho signalu na N-terminalni oblast Akt
za nasledek konstitutivni translokaci Akt kinizy na membranu vedouci k trvalé aktivaci Akt
kinazy.

1.4.3. Regulace aktivity Akt

Byla identifikovana fada proteind, jejichZ interakce s Akt ovliviiuje aktivitu této kinazy
(tabulka 3). Regulani procesy zprostfedkované t€mito proteiny zahmuji zejména fosforylace
Akt, ovlivituji subcelulazni lokalizaci a interakce Akt s nadfazenymi kindzami nebo stabilitu
Akt kinazy. Kromé zmin&€nych procesii se na regulaci Akt aktivity podili rovnéz fosfatazy
jako fosfatdza 2A nebo Akt antagonisté jako ceramidy nebo PTEN (Ozes ON a kol. 2001,
Teruel T a kol. 2001).

Tabulka 3 : Regulaéni proteiny interagujici s Akt

Vazebné proteiny Biologicky vyznam Reference

Ftl Vazba Ftl podporuje niriist miry fosforylace Akt mechanismem | Remy T a Michnick SW
interakce Akt a PDK1 2004

Actin Pfipojeni Akt k aktinovému cytoskeletu se projevi zvySenim miry | Cenni V a kol. 2003
fosforylace Akt. V tomto procesn se rovnéz uplatiiuje cdc42.

CTMP CTMP po vazbé na C terminAlnf doménu Akt bloknje fosforylaci a | Maira SM a kol. 2001
aktivaci této kinizy,

Gib 10 Posiluje vazbu Akt na plasmatickou membrinu v zivislosti na|Han DC a kol 2001,
aktivaci tyroxin kindzy c-kit. : Jahn T a kol. 2002

Keratin K10 Inhibuje translokaci Akt z ¢cytosolu na plasmatickon membranu. Paramio JM a kol. 2001

Trb3 Trb3 po vazbé na kinizovou doménu Akt redukuje miru|DuK akol. 2003
fostorylace této kindzy.

Periplakin Periplakin se vaZe na PH doménu Akt kindzy a ovliviiuje tak jeji | van den Heuvel AP
lokalizaci v rAmci buiiky. a kol. 2002

Hsp 90 Hsp 90 piisobi spolu s cdc37 jako kindzovy chaperon stabilizujici | Solit DB a kol. 2003
Akt

Hsp 27 Hsp 27 piisobi jako chaperon vézici se specificky na Akt isoformy | Konishi H a kol. 1997,
b&hem piisobeni stresu. Rane MJ a kol. 2003
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1.4.4. Efektory a fyziologické dusledky aktivace Akt

Stimulovania Akt kinaza plisobi na fadu efektorii (obr. 4), které budou blize diskutovany
v nasledujicim textu. ’ ‘

Aktivni Akt
Bunééna Pro':t::(gg MO
proliferace
Retinoblastorma Aggp;tézé ntéza
p21CIP1 Bad proteinfi
p27KIP1 Bel-2 Glukosovy mTOR
MDM2 BekXL metabolismus 4E-BP1{
FKHR GSK 3
FKHRL1 GLUT 4
AFX
1IKKa
ASK1
NF-kB

Obr 4: Efektorové molekuly Akt kindzy (Zdychova J a Komers R 2005)

1.4.4.1, Metabolické funkce

Akt je duleZitym mediatorem biologickych funkci insulinu. Velmi dilezitym efektem tohoto
hormonu je zvySeni transportu glukosy v rizmych insulin senzitivnich tkdnich a burikach
kosterniho svalstva nebo adipocytii. PI 3K/ Akt signalizace je, alespoil z &asti, zapojena v
procesu insulinem indukované stimulace hlavniho glukosového transporteru, ke kterému
dochazi na zikladé translokace transporteru z intracelularnich vesikulli na plazmatickou
membranu insulin-senzitivnich bunék (Frevert EU a kol. 1998, Okada T a kol. 1994). Studie
prokazaly konkrétni zapojeni Akt v procesu insulinem stimulované translokace transporteru
GLUT 4 na plazmatickou membranu (Cross DA a kol. 1995, Kohn AD a kol. 1996, Hajduch
E akol. 1998, Calera MR a kol. 1998). Studie Franke TF a kol (1997) vyuZivajici inhibici Akt
pomoci dominantné negativni mutace pak navic prokazala zapojeni dalfich kinaz do procesu
stimulace transportu glukosy. Dal§im mechanismem, kdy se Akt podili na regulaci
metabolickych funkct je proces insulinem indukované syntézy glykogenu zahrnujici
modifikaci aktivity glykogensyntazy 3 beta (GSK 3 beta) (Cross DA a kol. 1995, Lawrence
JC Jr a Roach PJ 1997).

15



SRS - I s

1.4.4.2. Efekt Akt na syntézu proteinit

Vliv Akt na syntézu proteini je tizce spjat s ristem a mitogenezi a to prostfednictvim
znamého vlivu PI 3K/ Akt signatizace na regulaci aktivity kinizy mammalian target of
rapamycin (mTOR) a jejich efektori (Scott PH a kot 1998). Ribosomalni p70 protein S6

regulaéni proteiny znimé svym zapojenim v procesu kontroly translace (Fingar DC a kol
2002). Iniciaéni translaéni faktor 4F (elF4F) tvoii spolu s ostatnimi regulaénimi faktory
aktivni komplex vazici se na strukturu Cepicky mRNA. Protein 4E BP1 interaguje
v hypofosforylovaném stavu s faktorem eIF4F, &imZ negativné reguluje proces iniciace
translace. Vlivem aktivity mTOR pak dochazi k fosforylaci tohoto inhibi¢niho proteinu
majici za nasledek uvolnéni faktoru eIF4F a tvorbu aktivniho komplexu a translaci. S6K1 je
zapojena do procesu regulace syntézy proteind prostfednictvim fosforylace 408
ribosomalniho proteinu S6 (Pullen N a Thomas G 1997), diky CemuZ dojde k nariistu
efektivity translace.

Existuji dikazy i o tom, Ze napiiklad jiz dfive zmifiovany Akt efektor, GSK 3 beta,
zastava rovnéz diileZitou regulalni roli v procesu translace. GSK 3 beta fosforyluje nejvetsi z
péti podjednotek faktoru eIF2 podilejici se na vyméné GDP za GTP (Welsh GI a kol. 1998).
Vlivem riistovych stimulii tak dochazi ke zméné aktivity GSK 3 beta, coZ se projevi poklesem
miry fosforylace této podjednotky elF2Be a iniciaci syntézy proteimi (Kimball SR a kol
2002).

1.4.4.3. Zapojeni Akt v antiapoptotickych procesech a procesech bunééného prezivani

Akt kiniza zastava dileZitou roli v procesech bunééného pifezivani spojenych s ristovymi
faktory a pfipojenim k extracelularni matrix. Zvy¥ena exprese nebo aktivita Akt kindzy miZe
zachranit buiiku pfed apoptézou vyvolanou vlivem stresovych signali (Kaufmann-Zeh A a
kol 1997, Khwaja A a kol. 1997). Akt kinaza je zapojena do procesii regulace apoptozy hned
na tfech urovnich.

Prvni z nich je uroveti regulace transkripce antiapoptotickych geni a genii diileZitych
pro bun&éné prezivéni. Akt se ulastni tohoto procesu piimou fosforylaci transkrip&nich
faktord.

Dal$im mechanismem, kterym Akt ovliviiuje pfeZivani bunék je pfimé fosforylace
kli¢ovych proteimi proapoptotické kaskady jako jsou protein BAD naleziciho do rodiny Becl-
2 proteint (del Peso L a kol. 1997, Datta SR a kol. 1997) a kaspasa 9 (Cardone MH a kol.
1998).

Akt kinaza ovliviluje proces apoptozy rovnéz modulaci komplexu GSK 3 beta/ beta
katenin. Beta katenin je multifunk&ni protein majici dileZitou dlohu v rimci signilni drahy
Wnt/ wingless (Cadigan KM a Nusse R 1997) v ramci které je zapojen v procesu kontroly
bunééného cyklu a apoptézy. GSK 3 beta provadi fosforylaci serin/ thereoninovych zbytki na
N terminalnim konci beta kateninu, coZ pfedstavuje kli€ovy proces vedouci k ubiquitinaci a
nasledmé proteolytické degradaci beta kateninu ubiquitin proteasovym systémem (Amit S a
kol. 2002).
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1.4.4.4. Zapojeni Akt do regulace bunééného cyklu

Proliferace bunék je regulovana fetézcem d&ji nazyvanych bunéény cyklus skladajiciho se z
Gl, S, G2 a M fize. Piechod mezi fizemi cyklu je regulovan pomoci regulacnich proteini
bun&éného cyklu jakymi jsou pozitivné plisobici cykliny a cyklindependentni kinasy (CDK).
Komplexy cyklin/ CDK indukuji pfechod pies kontrolni restrikéni body bunééného cyklu.
Skupina CDK inhibi¢nich proteini vazicich se na CDK nebo ke komplextim CDK-cyklin pak
zpasobuje blok kinazové aktivity t&€chto proteinil. Inhibitory CDK jako p21 WAF1 a p27
KIP1 zpisobuji G1 blok. Akt kinaza je zndmym regulatorem bunétného cyklu hned n¢kolika
pozitivn& modulaénimi mechanismy. SniZuje transkripei inhibiénich CDK p21 WAF1 a p27
KIP1 a zaroveii tyto proteiny ihibi¢né fosforyluje (Medema RH a kol. 2000, Shin I a kol.
2002, Zhou BP a kol. 2001). Dalsi mechanismus, jakym PI 3K/ Akt signalni draha pozitivné
reguluje bund&nou proliferaci, je zivisly na aktivité¢ GSK 3 beta. GSK 3 beta fosforyluje
cyklin D, ¢imzZ jej pfedurCuje pro proteasomovou degradaci (Diehl JA a kol. 1998, Shao Ja
kol. 2000). Akt inhibuje tyto negativné-modulani funkce bunéného cyklu inhibi¢ni
fosforylaci GSK 3 beta (Cross DA a kol. 1995, van Weeren PC a kol. 1998). Mimo uvedené
mechanismy ovliviiuje aktivita Akt kinazy také miru fosforylace retinoblastomu (Brennan P a
kol. 1997) a moduluje regulaéni funkce proteinu MDM2. Oba tyto d&e maji za nasledek
bunéénou proliferaci. Protein MDM2 neovliviiuje pouze progresi bund€nym cyklem, ale je
zapojen i v regulaci apoptdzy a to v obou piipadech skrze ovliviiovani transkripce a aktivity
kli¢ového regulaéniho proteinu p53 (Mayo LD a Donner DB 2001).

1.4.4.5. Role Akt ve vaskuldrni biologii

Signalizace prostfednictvim Akt ovlivituje ve vaskulatufe v zavislosti na typu podnétu
stimulu fadu procesa v&etn& angiogeneze a tvorby oxidu dusnatého (NO).

1.4.4.5.1. Vasodilatace zivisli na endotelu

Endotelialni syntdza NO (eNOS) je enzym zapojeny v tvorb&€ NO. NO je mocnym
vasodilatatorem. Proteinkindza Akt ma kliovou ulohu v dé&jich souvisejich s tvorbou NO
prostiednictvim eNOS. Aktivita eNOS je regulovana na Urovni post-translaénich modifikaci,
proteinovych interakci a subcelularni lokalizace. Akt zpiisobuje v zavislosti na piitomnosti
Ca’" iontii , ale i Ca** nezavislym mechanismem, aktivaci eNOS (Dimmeler S a kol. 1999,
Fulton D a kol. 1999) spo¢ivajici ve fosforylaci eNOS na serinu 1177/1179, majici vliv na
redukci inhibiéni interakce eNOS s caveolinem-1 a stimulaci vazby eNOS s
calmomodulinem. Vazba eNOS na ,,scaffold“ protein caveolin-1 sekvestruje eNOS do caveol,
Utvard tvofenych plasmatickou membranou, ¢imz je inhibovana funkce eNOS (Frank PG a
Woodman 2003). Modulace Akt aktivity tak skrze produkci NO ovliviluje vaskulami tonus
(Luo Za kol. 2000). Akt miZe byt za fyziologickych podminek aktivovana nékterymi
rustovymi faktory, napf. VEGF nebo inzulinem , které pfedstavuji nejvyznamnéj§i Akt
aktivatory tvorby NO (Fulton D et al. 1999, Zeng G a kol. 2000, Zeng G a Quon MJ 1996).

1.4.4.5.2. Angiogeneze

Angiogeneze piedstavuje proces postnatalni neovaskularizace zprostiedkovany proliferaci,
migraci a remodelaci pin€ diferenciovanych bun€k endotelu z preexistujicich cév (Isner IM a
Asahara T 1999). K angiogenetickym procesim dochazi jak za normalnich, tak za
patologickych podminek. Aktivace Akt kinazy reguluje aktivitu fady signélnich kaskad
potencidlné zapojenych v procesu angiogeneze. Akt kindza tak ovliviluje nejen takové
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procesy jakymi je inhibice indukce apoptdzy, ale interferuje rovnéz s fadou biologickych
funkci endotelidlni vrstvy jako je vaskularni remodelace a integrita cév v procesu
angiogeneze. Je znamo, Ze pravé apoptéza endotelialnich bun€k ma kli¢ovou roli v procesu
regulace neovaskularizace. Angiogenni faktory jako VEGF nebo angiopoetin tak nejenze
stimuluji proliferaci a migraci endotelialnich bunék, ale podileji se na inhibici apoptozy
endotelidinich bun&k (Gerber HP a kol. 1998, Gerber HP a kol. 1998a, Fujio Y a Walsh. X
1999, Kim I a kol. 2000) mechanismem zahrnujicim Akt signalizaci (Gerber HP a kol. 1998,
Kim I a kol. 2000).

1.4.5. Patofyziologie Akt kinazy pii diabetu

Diabetické metabolické milieu vykazuje Fadu efektii ovliviigjicich buné¢nou integritu a
funkce vychazejici z alteraci transdukce signalu. Pokrok v chdpani fyziologie a patofyziologie
Sirokého spektra signalnich kaskad a jejich vzdjemnych interakci oteviel novy prostor pro
vyzkum. Zmény, zahrnujici pokles i narist aktivity Akt kindzy , byly zaznamenany v ramci
experimentalniho a klinického kontextu v &etnych tkdnich postiZeych diabetem.

1.4.5.1. Patofyziologie Akt piri DM2
1.4.5.1.1. Uloha Akt p¥i patofyziologii insulinové rezistence

S ohledem na tdlohu, kterou zastava PI 3K/ Akt signalni kaskada v ramci insulinové
signalizace, neni pfekvapivé, Ze se o tomto systému uvazuje jako 0 moZném misté zasazeném
insulinovou rezistenci. Rada studii vyuZivajici insulin senzitivni buiiky a tkané v rozli¢nych
experimentlnich uspofadanich, pak potvrdila spravnost tohoto pfedpokladu (Krook A a kol.
1997, Rondinone CM a kol. 1999, Carvalho E a kol. 2000, Song XM a kol. 1999). Na druhé
strané v§ak byly, navzdory defektim v transdukci signalu pfedchazejicim vroveii Akt,
zaznamenany piiklady normalni Akt aktivity (Kim YB a kol. 1999a, Storgaard H a kol. 2001,
Nadler ST a kol. 2001). Tyto nalezy svéd¢&i pro to, Ze na aktivaci Akt kinazy se za té€chto
diabetickych podminek pravdépodobné podili cela fada dalfich kindz. Je dilezité zminit, Ze
vyzkum uvadéjici defektni Akt aktivity svédsici pro piitomnost insulinové rezistence byl
provadén za vyuZiti suprafyziologickych koncentraci inzulinu (Krook A a kol. 1998). Z
tohoto diivodu se zda byt duleZité srovnani basilni arovné Akt fosforylace a aktivity za
fyziologickych hladin insulinu.

1.4.5.1.2. Akt a vaskularni komplikace pii DM2

Nanist hladiny cirkulujiciho insulinu, vznikly v duskedku insulinové rezistence, miZe mit
teoreticky vliv na morfologii a funkci fady orgind. Je zdokumentovano, Ze funkce endotelu,
méfena jako mira insulinem-indukované vasodilatace, je u insulin rezistentnich diabetickych
pacientii redukovana (Howard G a kol. 1996). Studie rovnéz naznafuji moznou disociaci
ristovych a vasomotorickych efektu insulinu ve vaskulatufe za téchto insulin rezistentnich
podminek. Zatimco na Grovni signalni kaskady PI 3K/ Akt vedouci k aktivaci eNOS a tvorbé
vasodilatatn& pusobiciho NO dochazi k alteracim, aktivita kaskady zprostfedkujici transdukci
proliferativnich a ristovych signali je za téchto podminek neporuSena a k pfenosu signilu
dochazi pravdépodobné prostfednictvim ERK kinaz naleZejicich do rodiny aktivovanych
proteinovych kindiz (MAPK) (Jiang ZY a kol. 1999).
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1.4.5,1.3. Akt signalizace v ledvinich pii DM2

Ledviny jsou cilovym organem mnoha u&inkd insulinu. Rada in vitro a in vivo studii
naznatuje , Ze U¢inky insulinu a Akt signalizace ovliviiuji v ledvinach syntézu proteind,
viabilitu, stejné jako renalni hemodynamiku, tvorbu NO nebo retenci sodiku, tedy
mechanismy relevantni pro renalni patofyziologii (Feliers D a kol 2001, Bhandari BK a kol.
2001, Senthil D a kol. 2002, Hiromura K a kol. 2002, Bridgewater DJ a kol. 2005, Hayashi
K a kol. 1997, Schmetterer L a kol. 1997, Schnyder B a kol. 2002).

1.4,5.2. Patofyziologie Akt pFi DM1

1.4.5.2.1. Akt a insulitida

Podkladem pro vznik DM1 jé autoimunitni destrukce beta bunék Langerharsovych ostrivki.
Jak bylo jiZ diive uvedeno, Akt kindza se podili na transdukct vétSiny signall pro bunééné
preziti. Vsouladu s tim studie prokézaly souvislost mezi zvySenou expresi Akt kinizy v beta
buiikach a zvySenim objemu beta bunék spolu se zv&t§enim plochy Langerharsovych
ostriivkl: v pankreatu, coZ bylo provizeno rovnéZz zlepSenim stavu glukosové tolerance u
experimentalniho modelu diabetu (Bernal-Mizrachi E a kol. 2001, Tuttle RL a kol. 2001). V
tomto kontextu je dilleZité zminit se rovnéz o pozitivnim viiva PTEN, piirozeném antagonisty
Akt kinazy (Stiles BL a kol. 2006). Delece PTEN vede ke zvySeni bunétné proliferace a
poklesu miry apoptozy a zaroveii také k signifikantnimu nariistu objemu beta bunék bez
zjevné alterace jejich diferenciace.

1.4.5.2.2. Akt a vaskularni komplikace pii DM1

V priibéhu 1é&by DM1 jsou buiiky vystaveny Géinkiim fluktuujicich hladin glukosy v krvi a
exogenniho inzulinu. Jak bylo jiz dfive prokazano, jak glukosa, tak insulin moduliji aktivitu
Akt kinazy v rliznych bun&&nych typech. Z tohoto divodu je predikce Akt aktivity v pfipadé

~ konkrétnich cévnich systémi velmi obtiZna, zejména je-li aktivita Akt kindzy rovnéz tkafiové

specificka (Gerhardinger C a kol. 2001, Joussen AM a kol. 2002, Thirone AC a kol. 2002,
Laviola 1, a kol. 2001, Dobrzynski E a kol. 2002). .

1.4.5.2.3. Akt signalizace v ledvinich pii DM1

Renalni hypertrofie, akumulace extracelularni matrix, alterace procesu apoptozy, stejné jako
zmeény renalni hemodynamiky, to vie jsou patofyziologické procesy Glastnici se vzniku
nefropatie béhem DM1 (Cooper ME 1998). S ohledem na mnozZstvi funkci Akt je mozné, Ze
nezménéna aktivita této kindzy se rovnéZ podili na vzniku DN. Napfiklad studie Nagai K a
kol (2005) prokazala s vyuZitim experimentalniho DM1 modelu vliv signilni kaskady
Akt/mTOR na mesangialni hypertrofii. Stejnd studie se rovnéZz zabyvala vlivem p27, Akt
podfazeného inhibitoru cyklin dependentnich kinaz, na vzniku mesangialni hypertrofie.
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Obr 5: Vliv ¥ivin a insulinu na mTOR/ S6K1 signdlni drdhu mTOR/ S6K1 signalni
dréha zpracovéava za Giéelem kontroly bun&tného ristu signaly z ristovych faktord (insulinu) a
sivin. Aminokyseliny péisobi aktivaci mTOR skrze modulaci inhibi¢ni funkce TSC komplexu
a stimulaci proteinu Rheb. Glukosa moduluje aktivitu mTOR prostfednictvim 5"AMP
aktivovani protein kindzy (AMPK), kdyz na zakladé dostupnosti ATP v buiice pfimo
fosforyluje TSC2 protein, mechanismem nezévislym na Akt kindze, a reguluje tak aktivitu
multiproteinového komplexu, jehoZ soucasti je i mTOR. Insulin prostfednictvim insulinového
receptoru aktivuje PI3 K a Akt kindzu. Aktivni Akt fosforyluje a tim inaktivuje TSC2, coZ mé
za nésledek stimulaci funkce Rheb jako pozitivniho stimulitoru mTOR aktivity. S6K1 a 4E
BP1 jsou mTOR podfazené regula¢ni proteiny zndmé svym zapojenim v procesu kontroly
translace. S6K1 se rovndz podili, prostiednictvim zp&tné vazby, na regulaci aktivity IRS.
(Um SH a kol. 2006)
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1.5.1.1. Rastové faktory

Rustové faktory ovliviiuji aktivitu mTOR drahy skrze aktivitu nadiazené PI 3K/ Akt signalni
drahy (Wullschleger S a kol. 2006) v detailech diskutované jiZz v pfedchozim textu. Recentni
studie pak podaly dikaz o Gloze protein TSC1 a TSC2 v procesu aktivace mTOR. Proteiny
TCS jsou produkty gemi tuberického skterotizujiciho komplexu a uplatiiuji se jako negativni
regulatory mTOR signalizace. Komplex proteini TSC je pfimo podfazen PI 3K/ Akt
signalizaci (Manning BD a kol. 2002) a je zapojen v pfenosu signalu z nistovych faktor(; a
zivin. Podle dnes preferovaného modelu pasobi Akt fosforylaci TCS2, vlivem &ehoZ je zrusen
inhibiéni vliv TSC komplexu na mTOR signalizaci. Objev Rheb, proteinu piimo podiazeném
TSC komplexu, pak jesté vic rozsifil znalosti 0 mechanismu aktivace mTOR. Rheb je vysoce
konzervovany maly GTP vazebny protein. TSC2 stimuluje Rheb provadénou hydrolyzu in
vivo a in vitro (Castro AF a kol. 2003, Garami A a kol. 2003, Inoki K a kol. 20032, Tee AR a
kol. 2003, Zhang Y a kol. 2003). Podle zjednoduSeného modelu tak hypofosforylovany
komplex TSC proteind inhibuje mTOR aktivitu diky stimulaci Rheb GTP hydrolyzy
zprostiedkované TSC2 GAP aktivitou, &mz inhibuje funkce Rheb jako pozitivniho
stimulatoru mTOR aktivity.

1.5.1.2. iiviny a energie

Dosud neni zcela presné znamo, jakym zpusobem je protein mTOR zapojen do transmise
takovychto signalii. A¢koli detaily tohoto procesu nejsou stale detailné prozkoumany, fada
studii podala mozna vysvétleni. Zda se, ze aktivita mTOR je regulovana dostupnosti Zivin,
zaroven se oviemm mTOR podili na kontrole exprese genii zavislych na piijmu Zivin a to skrze
modulaci subcelularni lokalizace fady transkripénich faktori (Crespo JL a kol. 2002). V
procesu regulace syntézy proteini se uplatfiuji jak aminokyseliny, tak glukosa.
Aminokyseliny pusobi aktivaci mTORC]1 skrze modulaci inhibi¢ni funkce TSC komplexu a
stimulaci Rheb (Wullschleger S a kol. 2006). Studie Denis PB a kol. (2001) pak prezentuje
zjisténi, Ze pii dostupnosti aminokyselin je mnoZstvi ATP v buiice dal§im dualeZitym
faktorem regulujicim aktivih mTOR. V tomto procesu je, jak se zda, zapojena 5'AMP
aktivovani protein kinasa (AMPK). K aktivaci AMPK dochazi vlivem zvySeni poméru
AMP/ATP. AMPK funguje jako citlivy ATP senzor v procesu regulace aktivity mTOR, kdyz
na zakladé deplece hladiny ATP v buiice pfimo fosforyluje TSC2, coz v koneéném dusledku
vede ke zvySeni GAP aktivity TSC2 a inhibici mTORC] signalizace (Inoki K a kol. 2003).

1.5.2. Patofyziologie mTOR béhem diabetu

Vyzkum tykajici se miry aktivity proteinu mTOR ve vztahu k dostupnosti Zivin naznaduje
moZnost zapojeni tohoto systému v procesech spojenych s obezitou a insulinovou rezistenci
(Um SH 2006, Patti ME a Kahn BB 2004). Podle nedavnych studii by pak mohla byt aktivita
insulinové signalni kaskddy modulovana mimo jiné rovnéZz zpétnou vazbou skrze mTOR
zprostfedkovanou aktivitu S6K1, ktera snizuje aktivitu Akt kinazy indukovonou insulinem
mechanismem zahrnujicim sniZeni aktivity IRS1 (Um SH a kol. 2006, Harrington LS a kol.
2005). IRS1 signalni protein skutedné obsahuje né&kolik mist, kam se vaZe aktivni S6K1
(Shah O a Hunter T 2006). Na zikladé téchto poznatkl byl vytvofen model, podle kterého
fosforylace IRS1, k nimZ dochazi viivem zvySené aktivity S6K1, vede k porude interakce
tohoto signdlniho medidtoru s insulinovym receptorem a k degradaci tohoto proteinu. Mimo
to se zd4, Ze popsanym mechanismem zavislym na mTOR/ S6K1 je rovnéZ ovlivnéna aktivita
IRS2 (Shah OJ a kol. 2004). V kone¢ném disledku pak tento mechanismus vede k projeviim
alterace insulinové signalizace v kaskadé&.

22



1.5.3. Patofyziologie mTOR a diabeticka nefropatie

Rada patofyziologickych mechanismi zapojenych do procesu vzniku DN je ovlivnéna
aktivitou mTOR. Napfiklad studie Nagai K a kol (2005) prokézala vliv signilni drahy PI 3K/
Akt/ mTOR/ p 70 S6 a 4E BP1 a tlohu CDK a jejiho inhibitoru p27 KIP v procesu rozvoje
glomerularni hypertrofie. Podani rapamycinu in vivo pak mimo jiné brani rozvoji napiiklad
albuminurie, zbytnéni glomerularni membrany nebo poskozeni glomerulii (Yang Y a kol.
2007). Tyto nalezy tak sv&dsi pro benefitni vliv rapamycinové 1é¢by blohujici
prohypertrofickou mTOR signalizaci v ledvinach.

1.6. Uvod do biologie cyklooxygeniz

Cyklooxygenazy (COX) jsou enzymy iniciujici prvni krok pfi syntéze biologicky
vyznamnych prostanoidi, jakymi jsou prostaglandiny (PG) Ez, F2, G2, a1 a tromboxan Az
(TxA2). Prostanoidy jsou velmi daile¥ité latky s vyznamnou ulohou v fadé fyziologickych a
patologickych procesi v organismu (Smith WL a Langenbach R. 2001). Mezi tyto procesy
patfi napf. modulace zanétlivého procesu, ochrana gastrointestinalniho traktu, hemostiza,
angiogeneze nebo renalni hemodynamika. Prostaglandiny jako PgI2 a PgE2 zpusobuji renalni
vasodilataci a udrfuji glomerularni filtraci, pfedeviim za podminek pievahy pilisobeni
vasokonstriktori jako je Angll (Jaimes EA a kol. 2005). Dile se tyto plsobky vyznaluji
vyznamnym natriuretickym a diuretickym pasobenim. Dalsi vyznamny prostanoid, TxA2,
naopak zptisobuje rendlni vasokonstrikci a diky schopnosti aktivovat TGF-beta pusobi
preskleroticky (Negrete H a kol. 1995). Do dnesniho dne byly v genomu savecd identifikovany
nejméné dvé isoformy COX proteini. Cyklooxygenéza 1 (COX-1) a cyklooxygenaza 2
(COX-2) se vykazujici cca 60% sekvenéni homologii (Xie WL a kol. 1991) a jsou kodovany
riznymi geny lokalizovanymi na odlifnych chromozomech. V nedavné dobé byla
charakterizovana tfeti COX isoforma, COX-3, ktera predstavuje variantu COX-1 vzniklou
odli¥nym sestfihem (Chandrasekharan NV a kol. 2002). V nasledujicm textu budou oviem
blize diskutovany pouze ioformy COX-1 a COX-2. Obe izoformy COX jsou membranove
vazané enzymy s podobnou tercialni strukturou a vykazuji rovn&Z podobnosti ve struktufe
aktivniho mista enzymu (Picot D a kol. 1994, Kurumbail RG a kol. 1996).
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Obr 6: Schématické zmazornéni biosyntézy prostanoidu z Kkyseliny arachidonové
(Cronstein BN 2002) :

1.6.1. Exprese a aktivita cyklooxygenazovych isoforem

Akoli se isoformy COX zasadng nelisi strukturou ani katalytickou aktivitou, k zdsadnim
odli¥nostem dochazi na urovni exprese, funkce a lokalizace v organismu. Zjednoduseng lze
fici, e COX-1 predstavuje konstitutivni isoformu, jejiz exprese je regulovana hormonalnimi

z

signaly ovliviiijicimi bun&tnou homeostazu. COX-1 je zodpovédni za syntézu
cytoprotektivnich prostaglandini ve sliznici gastrointestinalniho traktu, pfedevsim v Zalude¢ni
sliznici. Hraje rovnd% vyznamnou roli v hemodynamické regulaci ledvin a v syntéze
tromboxanu A2 v krevnich desti¢kach. Zatimco je COX-1 jako konstitutivni forma enzymu
ptitomna v mnoha bunnych typech v konstantnim mnoZstvi, aktivita inducibilni COX-2 je
za fyziologickych podminek témer nezjistitelna a jeji exprese v organismu je je omezena
pedeviim na misto zan€tu. K narGistu exprese COX-2 tak dochazi vlivem fady zanétlivych,
mitogennich a fyzikalnich stimuli (Tetsuka T a kol. 1996, Fletcher BS a kol. 1992).
Promotorova oblast COX-2 genu obsahuje fadu regula&nich oblasti jako NF kB, CRE, AP2
nebo SP1 (Fletcher BS a kol 1992, Sirois J a kol. 1993, Inoue K a kol. 1995, Yamamoto Ka
kol. 1995, Kosaka T a kol. 1994) véZici transkrip&ni faktory jejichZ aktivita je ovlivnéna
mimo jiné rovn&z akiivitou MAPK a Akt kindzy.
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1.6.2. Exprese a aktivita cyklooxygendzovych isoforem v ledvinich

Renoprotektivni G&inky vazodilatanich prostaglandind produkovanych COX-1 isoformou se
uplatiiuji zejména pfi udrZeni dostateného rendlniho pritoku v pfipadé nékterych
patologickych stavii (srde¢ni selhani, jaterni cirhdza, rendlni insuficience). A¢koli je COX-2
povazovana za inducibilni enzym produkujici prostaglandiny zodpovédné za vznik bolesti a
zandt, v ledvinach je tato isoforma exprimovana konstitutivné a to v macula densa a v
Henleyové klidce (cTALH) u zvifecich modeld jako potkan, my3, kralik nebo pes. U Sloveéka
pak dochazi k expresi COX2 rovnéz v podocytech (Cimpean V a kol. 2003, Harris RC a kol.
1994, Komhoff M a kol. 1997). Exprese COX-2 je u &ov&ka omezena a dochdzi kni u
pacientd starich 60 let (Harris RC 2006). Macula densa piedstavuje v 1ledvinach oblast tvoiici
dtleFitou soutst renin-angiotensinového systému ovlivilujici hospodafeni se solemi a fluidni
objem v ledvinach (Schnermann J a Briggs JP 1999). K naristu produkce COX2 v macula
densa dochézi napfiklad vlivem deprivace soli, coZ ukazuje na vyznam prostaglandinl
produkovanych timto enzymem pro proces absorbee soli v ledvinach v zavislosti na jejich
dostupnosti (Nantel F a kol. 1999). U nekolika model progradujicich renalnich onemocnéni,
vEetné modeli DM1, pak byla rovnéz zaznamenéana zvySena exprese COX-2 (Cheng HF a
kol. 2002, Komers R a kol. 2001). Diouhodobé studie prokézaly pozitivni vliv selektivni
inhibice COX-2 na rozvoj proteinurie a renalnich strukturalnich zmén (Cheng HF a kol. 2002,
Sanchez PL a kol. 1999, Wang JL a kol. 2000).
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2. Cile studie

Préce je zamé&fena na studium aktivity Akt a jejich efektord, proteind mTOR a eNOS, spolu s
expresi a aktivitou cyklooxygenaz v Casnych fazich diabetu a jejich tlohu v patofyziologii
renalnich morfologickych a hemodynamickych zméen pii diabetu.

Prace shrnuje studie zaméfené na pasledujici diléi cile:

1/ Studium ativity Akt kinazy a jejiho efektoru, mTOR, v kiife ledvin streptozotocinovych
diabetickych potkanti, modelu DMI, a prislusnych kontrol ve vztahu ke stupni metabolické
kompenzace. :

2/ Studium aktivity Akt kinazy a jejich efektord, proteini mTOR a eNOS, v ktife ledvin
diabetickych obéznich potkand kmene Zucker, modelu DM2, a piislusnych kontrol ve
vztahu k plazmatickym hladinam insulinu.

3/ Studium vylugovani prostanoidd v moti a exprese COX isoforem v kiife ledvin DM2

experimentalniho modelu (Zuckeriiv diabeticky obézni potkan) a piislusnych kontrol ve
vztahu k plazmatickym hladinam insulinu.
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3. Metody
3.1. Zvireci modely diabetu pouZité ve studiich
3.1.1. Model DM1 :

Diabetes byl u dospélych osmi tydennich samch potkana kmene Wistar (200-300g) vyvolan
i.v. aplikaci streptozotocinu (STZ, 65 mg/ kg, jako vehikulum byl pouZit citratovy pufr pH
4,0 v koncentraci 0,1 mmol/ L). Kontrolni skupiné zvifat byl podan pouze citratovy pufr.
STZ potkani pfedstavuji dobfe popsany model DM1. STZ ni&i beta buiiky pankreatu za
vzniku insulinopenie. Model vykazuje &etné zmény glomerularni ultrastruktury a renalnich
funkci (Cooper ME a kol. 1988, Allen TJ a kol. 1990). K uvedenym studiim byl pouZit STZ
model s miznym stupném metabolické kompensace. Méfeni byla providéna ve 4 tydnu po
navozeni diabetu.

3.1.2. Model DM2 :

Ve studiich byli vyuZiti samci Zuckerova obézniho potkana (ZDF) a kontrolni zvifata (ZL)
dodana firmou Charles River, Sulzfeld, Némecko. ZDF potkani jsou metabolicky velmi dobfe
charakterizovani : autosomalné-recesivni mutace fa genu kodujiciho leptinovy receptor vede k
hyperfagii, obezit¢ a hyperlipidemii (Phillips MS a kol. 1996). Pokusna zvifata vykazuji
vét§inu metabolickych abnormalit asociovanych s DM2 jako napfiklad insulinovou rezistenci,
hyperinsulinémie, porucha glukosové tolerance a postupné se zvySujici hladinu cukru v krvi
(Tonescu E a kol. 1985). ZDF potkani jsou rovnéz hojné vyuZivanym modelem pro studium
nefropatie asociované s DM2 (Zucker LM 1965, Kasiske BL a kol. 1992). S nariistajicim
vékem se u zvifat spontanné vyvijeji proteinurie a ohniska segmentalni glomeruloskierosy,
coZ pak spolu s rozvojem dalSich funkénich a strukturalnich abnormalit vede k selhani ledvin
(Zucker LM 1965, Kasiske BL a kol. 1985).

Se zvifaty bylo nakladino dle metodickych pokynii zikona na ochranu zvifat proti
tyrani. Zvitata byla chovana ve standardnim chovu s volnym pfistupem k potravé a vodg a
stiidanim period svétla a tmy po 12 hodindch. K usmrceni zvifat dekapitaci doslo bez
pfedchoziho hladovéni. Thned po usmrceni byla zvifatim odebrina krev a byly zistény
hodnoty krevniho cukru a hladiny insulinu v séru. Zvifatim byly rovnéz ihned odebriny
ledviny. Dekapsulace ledvin a jejich rozdéleni na korovou a dfefiovou €ést bylo provedeno na
ledu. Ziskané vzorky tkani byly zamraZeny v tekutém dusiku a pak dlouhodobé uchovavany
pfi teplot€ -80 stupiid aZ do dalSiho zpracovani. Polovina pravé ledviny byla prosycena 10%
formalinem a pozdé&ji vyuZita k imunohistochemickym analyzam.

3.2. Homogenizace tkané

Tkafi rendlniho kortexu byla homogenizovana v chlazeném extrakénim pufru elektrickym
homogenizitorem a centrifugaci (850G po 10 min pii 4 °C) zbavena zbytkd tkané a jaderné
frakce. Supernatant byl znovu centrifugovan (100 000G po 60 min pii 4 °C). Timto zpusobem
byla ziskiana cytosolicka frakce tvofici supernatant a membranova frakce obsaZena v

‘usazening. V nasledujicich studiich byly za G¢elem analyzy immunoblottingem dale vyuzity

cytosolické frakce. Koncentrace proteind ve vzorcich byla zji¥t&na pomoci komeréniho BCA
kitu (Pierce, Rockford, IL, USA) pfi dodrzeni postupu doporuéeného vyrobcem.
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3.3. Akt kinazova assay

Mira Akt aktivity byla meéfena s vyuZitim komeréni kinazové assay (Cell Signaling
Technology, Inc., Danvers, MA, USA) pifi dodrZzeni postupu doporudeného vyrobcem
spocivajicim v immunoprecipitaci homogenatu renalni kortikalni frakce s imobilizovanou anti
fosfo Ser 473 Akt protilatkou nasledovanou inkubaci immunoprecipititu se substratovym
GSK3 fuznim proteinem za pfitomnosti ATP. Mira fosforylace GSK3 proteinu, vyjadiujici
miru Akt akiivity, pak byla stanovena s vyuZitim techniky immunoblotingu a anti-fosfo-
GSK3 protilatky.

3.4, Immunoblotting

Mira exprese proteind COX-1, COX-2 , PTEN, Akt a jejich efektori mTOR a eNOS byla
méfena za vyuziti techniky immunoblottingu s vyuZitim primarmich protilatek COX-1, COX-2

— (1:500; Cayman Cheminal, Ann Arbor, Ml, USA) a PTEN, Akt, mTOR a eNOS (1:750; Cell

Signaling Technology, Inc., Danvers, MA, USA). Metoda immunoblotingu je zaloZena na
transféru proteini rozdélenych pomoci sodium dodecyl sulfatového polyakrylamidového gelu
(SDS-PAGE) na membranu a nasledné detekci specifického proteinu pomoci vizualizace
vazby antigen-protilatka vyuZivajici znacenou sekundarni protilatku (Kurien BT a Scofield
RH. 2006). V tomto pfipadé byly piisluSné sekundami protilaitky znaleny kienovou
peroxidazou (Pierce, Rockford, IL, USA) a k vizualizaci produktu na rentgenovy film
(Kodak, Rochester, NY, USA) doslo pomoci chemiluminiscenéniho kitu (Pierce, Rockford,
IL, USA) a dodrZeni pracovniho postupu doporuceného vyrobcem. Po detekei produktu byly
membrany v souladu s postupem navrzenym vyrobcem inkuboviny po 30 min v komerénim
reblotovacim roztoku (Chemicon International, Temecula, CA, USA) a nasledné po 60 min
blokovany v roztoku mléka. Specificky produkt byl, stejn& jako v pfedchozim pfipadé
detekovan chemiluniniscenci. Exprese jednotlivych proteini byly vztaZeny k expresi aktinu
(1:2000; Abcam, Cambridge, CA, UK ). Ziskané filmy byly hodnoceny densitometrii
s vyuZitim NIH Image gel plotting macro.

3.5. Immunohistochemie

Cilem imunohistochemického stanoveni je¢ detekce specifickych antigennich determinant
(molekul &i jejich &asti) s vyuZitim imunologické vazby, t.j. na principu vazby antigenu a
protilatky. Pro standardnost provedeni jsou tkafiové fezy nejprve odparafinoviny a poté
rehydratovany pfed blokaci aktivity endogenni peroxidasy a aplikaci primarni protilatky. V
pfipadé nepfimé imunohistochemické metody je pak aplikovana sekundarni protilatka
konjugovana s enzymem a specifické barveni je zviditelnéno po pfidani enzym - specifického
substratu (Ambrosius H a Luppa H 1987).

Této metodiky bylo pouZito k lokalizaci studovanych proteini v kife ledvin.
Standardni procedura fixace ledninové tkané ve formolu a piiprava tenkych fez(i byla
provedena v laboratofich PAP IKEM. Vlastni immunohistochemické stanoveni fosfo-Akt-Ser
473 (Cell Signaling Technology, Inc., Danvers, MA, USA) nebo COX-2 (Cayman Cheminal,
Ann Arbor, MI, USA) bylo provedeno za vyuziti ABC, resp. SABC metody. Princip metody
spociva v oznadeni sekundarni protilatky biotinem a jeho nasledné vazbé se streptavidin-
biotinovym komplexem oznaCenym kienovou peroxidiazou. Enzymaticka aktivitu této
peroxididzy po piidani chromogenu indikovala ta mista v preparatu, na nichz doslo k
primarni specifické reakei.
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3.6. Analytické metody

Hladina glukosy v krvi byla stanovena s vyuFitim glukosa-oxidadni assay (Pliva-Lachema,
CR). Koncentrace insulinu v séru byly méfeny pomoci RIA kitu (Amersham Biosciences,
Piscataway, NJ, USA). Hladina sérovych triacylglyceroli byla stanovena s vyuZitim
standardni enzymatické fotometrické metody (Bio-latest, CR). Ke stanoveni hladiny sérovych
neesterifikovanych mastnych kyselin (NEMK) byl pouzit komeréni kolorimetricky kit
vyuzivajici oxidace acyl-CoA (Roche Diagpostic, Basel, CH). Koncentrace proteinu v mogi
byly stanoveny spektrofotometricky po reakei s kyselinou perchlorovou (Pliva-Lachema, CR).
Vylutovani prostanoidi v modi bylo stanoveno pomoci immunoassay kitu (Cayman
Chemicals, Ann Argor, MI, USA). PHi vyuZiti komerénich kiti bylo postupovano dle
firemnich metodickych doporuceni.

~ 3,7. Statistickd analyza

Data jsou vyjadfena jako prim&ma hodnota + SEM. Veskera statisticka vyhodnoceni byla
provedena s vyuZitim analyzy variance (ANOVA) a naslednym Scheffé testem. Srovnéni
riiznych zplisobl 1éEby u kontrol a diabetickych zvifat bylo provedeno s vyuZitim dvoucestné
ANOVA s opakovanim. VeSkera statistickd srovnéni byla provedena s vyuZitim softwaru
Statview SE a Graphic (BrainPower, Calabasas, CA, USA). Hodnota p nizs$i nez 0,05 byla
povaZovana za statisticky vyznamnou.

29




4. Studie L
Rendlni aktivita Akt kindzy/ protein kinizy B u obéznich Zuckerovych potkani
4.1. Uvod

Akt kinaza je serin/ thereoninova kindza podiazena PI3K ( Burgering BM a Coffer PJ 1995)
vyznamné se uplatiiujici v procesu insulinové signalizace. Aktivita Akt kinazy reguluje fadu
bunéénych funkci véetn€ metabolismu glukosy, bunéné viability, syntézy proteind atd.
Porucha insulinové signalizace na urovni PI3K/ Akt je soucasti patofyziologie insulinové
rezistence (IR) v kosternim svalstvu, jatrech nebo tukové tkani (Krook A a kol. 1998,
Rondinone CM a kol. 1999). MozZné alterace Akt signalizace v dalSich tkanich, rovnéz
postiZenych komplikacemi b&hem diabetu, viak nebyly dosud dobfe prozkoumany.

Ledviny jsou cilovym organem mnoha 0¢inkl insulinu. Akt-dependentni procesy se
podileji na regulaci mechanismi relevaninich pro renalni patofyziologii jako jsou syntéza
proteind, viabilita, produkce NO, reabsorbce sodiku atd. (Bhandari BK a kol. 2001, Senthil D
a kol. 2002, Hiromura K a kol. 2002, Bridgewater DJ a kol. 2005, Hayashi K a kol. 1997,
Schmetterer L a kol. 1997, Schanyder B a kol. 2002) a mohou tak piispét k morfologickym a
funkénim zm&nam v diabetickych ledvinach.

4.2. Metody
Metody vyuZité v této studii jsou detailné popsany v sekci 3.
4,2.1. Uspoiidani pokusu

Piedkladana studie se zaméfuje na uréeni renlni kortikalni aktivity a exprese Akt kinazy a
jejich efektord, proteini mTOR a eNOS, spolu s expresi proteinu PTEN u DM2 modelu
Zuckerovych obéznich potkanli (ZDF) a kontrolnich zvifat (ZL) ve v&ku 4 a 12 tydnd.
Vyznam vlivu PI3K/ Akt signalizace byl studovan v separatnim experimentu, kde byl
skupin& zvifat ve véku 12 tydnl intraperitonealné injikovan wortmanin v davce 100 pg/ kg
télesné hmotnostt 90 minut pfed usmrcenim. Jako vehikulum bylo vyuZito 15% DMSO
(Sigma Chemical Company, St. Louis, MO USA) . Ziskani data pak byla porovnina s
vysledky ziskanymi u zvifat , kterym bylo aplikovano pouze vehikulem.

4.3. Vysledky

Zakladni metabolické a fyzické parametry pokukusnych zvifat jsou shrnuty v tabulce ¢. 5. Dle
pfedpokladd byla télesna hmotnost diabetickych zvifat signifikantné vys$§i v porovnani s
kontrolnimi potkany a to uz ve véku 4 tydni. Ve véku 12 tydmi byl dosazeny rozdil v
hmotnosti zvifat jesté vyrazngjsi. U obou vékovych skupin do§lo k naristu hmotnosti ledvin.
Pomér hmotnosti ledviny ku hmotnosti téla viak u 4 tydennich ZDF nevykazoval rozdil v
porovnani se stejné starymi kontrolami. U skupiny ZDF potkanu ve véku 12 tydnmi tento
pomér v porovnani se ZL dokonce klesl. U diabetickych zvifat jsme zjistili rovnéZz vyznamny
narlst koncentrace insulinu v plazmé& a hodnot triacylglyceroli a NEMK v séru. Diabeticka
zvifata obou vékovych skupin vykazovala signifikantni narist hladiny cukru v kivi v
porovnani s kontrolami stejného véku.
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Tabulka 5: zdkladni metabolické a fyzické parametry ZL a ZDF

Hmotnost
. Themh - Hmotnost lgd"::y . Plasmaticky  Glukosav Serove - Eﬁ‘v‘ﬁ
I . hmotnost | pravéledvimy ! lesnd insulin . kvl _ triacylglyceroly
[e] : [e] " hmotnost [nmolA] [nmoM] [nmolA]
ZL4 5 103 2 043:001  042:001 . 0404004 40301 06201 ND
ZDF 4 6 13146" - 0514:0,01° © 0402002  0,74:007" 55:06° . 14:01* . ND
ZL12 5 0 3589 . LI3:005  031x001 048009 53101 0,940.1 . 043002
ZDF12 | 6 °  53825°  1295:004°  02420,01° ° 18120.19° |  6,7:03° 4,2+0.4° " 0,5420.02°€

NEMK, neesterifikované mastné kyseliny. “p<0.01; ® p<0.05; € p<0.001 ZDF vs. ZL

stejného véku.

Vysledky stanoveni renalni kortikalni Akt aktivity jsou zobrazeny na obr 7. Ve véku 4 tydnu
je Akt aktivita u ZDF a ZL potkami prakticky shodna. Ve véku 12 tydmi viak ZDF potkani
vykazuji vyrazny nanist Akt aktivity ve srovnani se ZL skupinou. Tento nalez koresponduje s
nartistem exprese P-Ser 473 Akt (obr. 8). U 12 tydennich ZDF potkani rovn€Z doslo k nartstu
exprese celkové Akt (obr.8). Vysledky analyzy exprese proteinu PTEN, fosfatasy regulujici
aktivitu Akt kinazy, jsou zobrazeny na obr. 9. Exprese PTEN se mezi vékovymi skupinami
nelifila a byla srovnatelna u diabetickych i kontrolnich zvifat. Imunohistochemické studie
lokalizovaly expresi P-Ser 473 Akt do glomerult, podocyti a distalnich tubuli. Distribuce
exprese P-Akt Ser 473 byla u skupin diabetickych a kontrolnich zvifat srovnatelna.

V souladu se zvySenou rendlni Akt aktivitou vykazovala diabeticka zvifata ve véku 12
tydnl rovnéZz narist fosforylace proteinu mTOR. Rozdil v expresi celkového mTOR mezi
skupinami diabetickych a kontrolnich zvifat nedoséhl statistické vyznamnosti (obr 10). Na
rozdil od aktivity mTOR byla fosforylace proteinu eNOS, a to 1 navzdory zvySené expresi
celkové eNOS, u 12 tydennich ZDF potkanii v porovnani s kontrolnimi zvifaty niz§i. ( obr.
13).

Vliv PI3K/ Akt signalizace byl sledovan ve zvlastnim experimentu u skupin zvifat ve
v&ku 12 tydni, kterym byl jednorazove aplikovan inhibitor PI-3 kinazy wortmanin. Fyzické a
metabolické parametry téchto zvifat byly identické s hodnotami uvedenymi v tabulce 5. Z
diivodu mozného ovlividni Akt aktivity vehikulem, byla provedena srovnivaci méfeni u
skupiny zvifat, kterym bylo podéno jen samotné vehikulum (DMSO). Obr 11, panel A
ukazuje, Ze samotné vehikulum nema na sledované parametry Zidny vliv. Podani wortmaninu
vedlo k redukci Akt aktivity u diabetickych zvifat, zatimco u kontrol nemélo podani
wortmaninu na mire Akt aktivity vliv (obr 11, panel B). Podéni wortmaninu ovlivnilo rovnéZz
miry fosforylace mTOR a to, stejné jako v predchozim ptipadé Akt aktivity, pouze u skupiny
diabetickych zvirat (obr 12).
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Obr 7: Renalni kortikilni aktivita Akt kinazy (kinAzovi assay) u ZL a ZDF ve véku 4 a

12 tyduoa.

U 4 tydennich ZDF byla aktivita Akt kindzy srovnatelna se ZL. Zvitata ve véku 12 tydnil
maji, na rozdil od mladych zvitat, aktivitu Akt kinazy v renlnim kortexu signifikantn€ vy$si
v porovnani se stejné starymi kontrolami *p<0.05 ZDF vs. ZL stejného véku
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Obr 8 : Exprese P-Ser 473 Akt v rendlnim kortexu uZL a ZDF ve véku 4 a 12 tydnit.
ZDF potkani ve véku 12 tydni demonstruji signifikantng vy$§i hodnotu exprese P-Ser 473
Akt a celkového Akt v porovnani se stejné starymi kontrolami. Hodnota poméru exprese P-
Ser 473 ku expresi celkového Akt vyjadfujici miru aktivity Akt kindzy se ovSem u
diabetickych zvitat a kontrol nelisila. *p<0.05 ZDF vs. ZL stejného véku .
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Obr 9 : Exprese PTEN v renilnim kortexu u ZL a ZDF ve veku 4 a 12 tydni.
Nebyly zaznamenény rozdily v expresi PTEN mezi skupinami pokusnych zvifat
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Obr 10: Exprese P-Ser 2448 mTOR a celkového mTOR v renilnim kortexu uZL a ZDF
ve véku 12 tydni.
Exprese P-Ser 2448 mTOR byla u ZDF signifikantng vys§i v porovnani se ZL. Mezi
) pokusnymi skupinami nebyl zaznamenan rozdil v expresi cetkového mTOR ani v poméru
“ P-Ser 2448 mTOR ku celkovému mTOR *p<0.05 ZDF vs. ZL.
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Obr 11 :Efekt wortmaninu na aktivitu Akt kindzy (kindzov4 assay) v renilnim Kortexu
u ZL a ZDF ve véku 12 tydnii.

Inhibitor PI3K, wortmanin, akutné podany v divce 100 pg/ kg télesné hmotnosti redukoval
aktivita Akt kindzy u ZDF, nikoli viak u ZL potkanii (pamel B). Z divodu vylouceni
moZnosti, e DMSO vyuZivané jako vehikulum pii podani wortmaninu ovlivni aktivitu Akt
kinizy, byla porovnana aktivita Akt v rendlnim kortexu ZL a ZDF potkaali, kterym bylo
podano pouze DMSO. Tako zvifata vykazovala stejné rozdily v aktivit® Akt, jaké byly
pozorovany u zvitat bez 1é&by DMSO (panel A). 1p<0.01 ZDF s wortmanninem vs. ZDF s
vehikulem
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Obr. 12: Vliv wortmaninu na expresi mTOR u ZL a ZDF potkanii ve véku 12 tydmii
Exprese mTOR byla m&fena metodou immunoblottingu u 12 tydennich ZDF a ZL potkanti, kterym byl
akutnd podan wortmannin (100 pg/ kg), inhibitorem PI 3K, nebo vehikulem DMSO. Podani
wortmaninu mélo za nasledek redukei fosforylace mTOR u ZDF, nikoli viak ZL potkani. {p<0.01
_ ZDF s wortmanninem vs. ZDF s vehikulem
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Obr 13: Exprese P-Ser 1177-eNOS a celkového eNOS v renilnim kortexu ZL a ZDF

Exprese P-Ser 1177-eNOS a celkového eNOS byla méfena technikou western biottingu. Mira

fosforylace éNOS byla u ZL a ZDF potkanl srovnatelnd, navzdory vys$§i proteinové expresi
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Obr 14: Immunohistochemicka lokalizace P-Ser473-Akt v renilnim kortexu
Immunoreaktivita P-Ser473-Akt byla zjisténa v glomerulech a Caste¢né take v podocytech a
distalnich tubulech-oznageno fipkami. Nebyly zjiftény zadné rozdily v distribuci P-Ser473-
Akt mezi skupinami ZL a ZDF potkant.

4.4, Diskuse

Zmény Akt aktivity a signalizace byly s ohledem na experimentalni a klinicky kontext
zaznameniny v fadé tkani a bun&nych typd. V soudasné dobé& je jiz znam vyznam Akt
signalizace pro rozvoj onemocnéni ledvin v zavislosti na hyperinsulinemii provazejici stavy
insulinové rezistence. Je rovnéZ znamo, Ze obézni pacienti a modely obezity jsou nichylné ke
vzniku rendlnich onemocnéni. Signalni kaskidy zapojené do transdukce insulinové
signalizace za téchto podminek v3ak dosud nebyly podrobnéji prozkoumany.

Feliers D a kol. (2001) zdokumentoval nanist Akt aktivity v ledvinach obéznich db/ db
my$i. Pfedkladana studie dospéla ke stejnym zivé€nim za vyuZiti obéznich ZDF potkanii.
Pouzité DM2 modely se ovSem lifily dosaZenymi hladinami glukosy v krvi. Je znamo, Ze
hyperglykemie muZze nezavisle modifikovat aktivitu Akt kindzy' v ledvinnych buiikich
(Mariappan MM a kol. 2007, Wu D a kol. 2007). V pfipadé modelu ZDF potkana viak doslo
ke zvyseni Akt aktivity u obéznich hyperinzulinemickych zvifat nezivisle na G¢nku
hyperglykemie. Navic, soucasné se zvysenou mirou aktivity a exprese P-Ser 473 Akt byla
zaznamendana také zvySena exprese celkové Akt. Tyto vysledky mohou sv&déit pro to, ze za
podminek chronické hyperinzulinemie dochazi u tohoto modelu ke zm&€nam jak na translaéni
tak postranslacni Grovni. Zaznamenané rozdily v aktivit€ Akt kindzy u 12 tydennich ZDF
potkanti navic nejsou zplisobeny uinky PTEN, ktery je piirozenym antagonistou Akt kinizy.

JiZ dfive byla zaznamenana korelace mezi zvySenim Akt aktivity a projevy hypertrofie a
akumulace extracellularni matrix, coZ jsou znamé strukturdlni zmeény provazejici diabetickou
nefropatii. Protein mTOR, o kterém je znamo, Ze se podili na kontrole translace, by pak
mohl b&hem hyperinsulinemickych stavii ovliviiovat zmin&né patofyziologické procesy
(Bhandari BK a kol. 2001). Vysledky této studie, podle kterych byla v souladu se zvySenou
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aktivitou Akt kinazy u skupiny diabetickych hyperinzulinemickych ZDF potkani ve véku 12
tydnd zvySena rovnéz mira fosforylace proteinu mTOR v porovnani se stejné starymi
kontrolami, by svédgily o spravnosti té&chto tvrzeni. Nasledn¢ provedena analyza vyuZivajici
inhibici PI3 K wortmaninem podaném skupiné 12 tydennich diabetickych a kontrolnich
zvifat pak méla ozfejmit, zda u tohoto experimentalniho DM2 modelu existuje vztah mezi
aktivitou proteind Akt a mTOR a jakou mérou je tato zavislost ovlivnéna insulinovou
signalizaci. Podani wortmaninu zpisobilo pokles aktivity u obou proteinii, aviak pouze u
skupin diabetickych zvifat. Vysledky analyz tak svédCi pro to, Ze aktivita Akt kinazy je u
tohoto obézniho DM2 modelu, alespofi z &asti, zavisla na inzulinu. Mira aktivity Akt kinizy
pak ovliviiuje i stupeii fosforylace mTOR.

Kromé& zminénych potencionalné patofyziologickych aktivit se Akt kindza ovSem
rovnéZ podili na pfenosu protektivnich signall, konkrétné na procesu fosforylace endotelialni
NO syntasy (eNOS) viivem riznych fyziologickych stimuli. Tato posttranslaéni modifikace
je kli¢ova pro tvorbu oxidu dusnatého (NO) zprostfedkovanou timto enzymem. NO hraje
dileZitou vasoprotektivni roli v kontrole systémové a intrarenalni hemodynamiky (Kone BC.
2004). Na rozdil od mTOR vsak byla mira fosforylace eNOS srovnatelna u skupin
diabetickych a kontrolnich zvifat, a to i navzdory zvySené expresi celkové eNOS. Obdobna
pozorovani, tj. defektni insulinem-indukovanou renilni aktivitu eNOS u modelu obézniho
ZDF potkana, prinesla i studie Li Z a kol. (2005).

4.5. Shrouti

Paraleln¢ s nariistajicim vékem a rozvojem metabolického syndromu dochézi u ZDF zvifat
k naristu aktivity Akt a mTOR. Inhibice PI3K/ Akt signalizace akutnim podanim
wortmanninu prokazala, Ze narist aktivity zminénych proteinQ je, alespofi z Casti, zavisly na
insulinu. Nélezy nesvéd&ily o pfitomnosti insulinové rezistence v této insulinem stimulované
kaskadé na rozdil od defektd v insulinem indukované protektivni Akt/ eNOS signalizaci.
Tato kombinace odpov€di na plsobeni hyperinsulinemie, kdy dochézi ke stimulaci
hypertrofické Akt/ mTOR a oslabeni vasoprotektivni Akt/ eNOS signalizace v kife ledvin
obéznitho ZDF potkana, tak patrné€ pfispivd k pozd€§imu vzniku a rozvoji diabetické
nefropatie.
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5. Studie II.

Renalni aktivita Akt kinazy/ protein kinazy B u streptozotocinovych diabetickych
potkanii

5.1. Uvod

Béhem 1é¢by DM1 jsou buiiky vystaveny u¢inkum kolisajicich hladin glykemie a insulinemie.
Je zdokumentovano, zZe jak glukosa, tak insulin moduluji aktivitu Akt kinazy. Z tohoto
diivodu je predikce aktivity Akt kinazy a jeji vliv na lokalni morfologii, faktory a funkce v
jednotlivych piipadech obtizna, zvla§té je-li Akt aktivita zarovehi organové specifick
(Gerhardinger C a kol. 2001, Joussen AM a kol. 2002, Thirone AC a kol. 2002, Laviola L a
kol. 2001, Dobrzynski E a kol. 2002).

Ledviny jsou cilovym organem mnoha G&inkd insulinu. Renalni hypertrofie, akumulace
extracelularni matrix, zmény v apoptotické odpov&édi stejné jako zmeény regionaini
hemodynamiky, to vie jsou procesy zapojené v patofyziologickém procesu vzniku diabetické
nefropatie béhem DM1 (Cooper ME. 1998). S ohledem na mnohodetné funkce Akt kindzy a
mTOR, je moZné, Ze zmény v aktivitach t&chto kinaz jsou zapojeny v procesu vzniku DN,

5.2. Metody

Detailni popis pouZitych metod je uveden v sekei 3.

5.2.1. Uspoiadani pokusu

Diabetes byl navozen i.v. injekci streptozotocinu. Po indukci diabetu byla pokusni zvifata
rozdélena do 3 skupin. Jedna skupina byla ponechana bez l1é¢by (STZ0), druhd skupina
(STZ4) byla létena 4 jednotkami insulinu denné& a tfeti skupina (STZ 12) byla 1égena 12
jednotkami insulinu denné. Cilem rozdilného davkovini insulinu bylo navozeni rtizného
stupné metabolické kontroly a insulinemie. Méfeni byla u diabetickych zvifat provadéna 4
tydny po indukci diabetu a srovnana s vysledky mé&feni u skupiny zdravych kontrol (K). Dalsi
skupiné kontrolnich zvifat (K4) byly aplikovany 4 jednotky insulinu denné. V ramci
experimentu byla zjiSfovéna aktivita a exprese Akt a mTOR v renélnim kortexu pokusnych
zvitat.

5.3. Vystedky

Zakladni metabolické a fyziologické parametry pokusnych zvifat jsou uvedeny v tabulce 6. U
STZ0 byl zaznamenan pokles télesné hmotnosti ve srovnani s kontrolami nebo diabetickymi
zvifaty lé¢enymi insulinem. U vSech skupin diabetickych zvifat se zvySila hmotnost ledvin.
Renalni hypertrofie byla nejvyrazn&jsi u skupiny STZO, ktera vykazovala nejvy3si hodnotu
poméru hmotnosti ledvin k celkové hmotnosti téla zvifat. Hladina plasmatického insulinu a
glukosy v krvi byla u vétSiny diabetickych zvifat vy$si nez u kontrol. Diabeticka zvifata
1é&end inzulinem se vzéjemné lifila v hodnotéch glykemie, mira insulinemie odpovidala 16¢bg
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insulinem. U skupiny STZ4 byla mira insulinemie srovnatelna s kontrolami, skupina STZ 12
vykazovala zfetelnou hyperinsulinemii. Skupina kontrolnich zvifat 1é¢enych insulinem se
hodnotami zikladnich metabolickych a fyziologickych parametri neliSila od kontrolni
skupiny.

Tabulka 6 : Zikladni metabolické a fyziologické parametry pokusnych zviFat

:  Hmotnost | o
: t¥lesndk ., Hmotnest . pravéledviny : Plasmaticky | Glukosa v
N | hmotnost . pravéledviny . /100gtdlené ~ losulin . ki

: e} e} " hmotnesti [amolA] ' [nmol/]

K 6 wsio | Lokszz 033001 103014 . 5401
STZO | 6 1 27el® | 1338507 0,5:001° | 015:003° - 22,0:10°
STZ4 | 6 | 30956 . 115820 038001 | 1,42:012° 13,4%1,5
Srz12 6 | s | 126836 | 03m0OI™ | 1g021® | BL0AT
K4 5 34543 ¢ L0532 | 033001 | 14l0l4 o 50:08

A 5<0.05; Bp<0.001 STZO, 4, 12 vs. K ; ©p<0.05; D 1<0.01 STZ 4, 12 vs.STZ0 ; * p<0.05
STZ12 vs.STZ 4

Aktivita Akt kinazy v renalnim kortexu, vyjadiena mirou fosforylace GSK3 proteinu,
je zobrazena na obr 15, panel B. Akt aktivita byla u skupiny hyperglykemickych STZO0
redukovana, &asteén® obnovena u skupiny stfedn€ glykemickych STZ4 potkanti a u skupiny
STZ12 s intenzivni inzulinovou 1é&bou normalizovana na uroveii Akt aktivity u kontrolnich
zvitat. Podobn& jako v pfipadé Akt aktivity, rovnéz mira exprese P-Ser 473 Akt byla
signifikantng niz$f u skupiny STZO a vlivem 16€by insulinem doslo k jeji obnové az na iroveii
kontrol (obr 15, panel A). U skupin STZ4 a STZ12 nebyl zaznamenan statisticky vyznamny
rozdil v expresi P-Ser 473 Akt , prestoZe se tyto dvé skupiny vyznamng liSily drovni
insulinové 16&by (obr 15, panel A). Vlivem 16¢by insulinem doflo u kontrolnich zvifat
k nariistu exprese P-Ser473-Akt v renalnim kortexu (obr 17). Exprese celkové formy Akt se
mezi skupinami neliSila. Exprese aktivni formy mTOR v zisadé kopirovala miru aktivity Akt
kinazy. V porovnani s kontrolami viak byla mira exprese P-Ser 2448 mTOR u skupin STZ4 a
STZ12 vy¥¥i (obr 16). Rozdil v expresi celkové mTOR nebyl mezi skupinami kontrolnich a
diabetickych zvifat statisticky vyznamny. Pod4vani insulinu nem&lo u kontrolnich zvifat vliv
na expresi P-Ser 2448 mTOR a celkovou mTOR.
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Obr 15: Exprese a aktivita Akt kinazy
Panel A: Mira exprese P-Serd73

v rendlnim kortexu kontrolnich a diabetickych zviiat
-Akt (aktivni) a celkové Akt v repalnim kortexu byla u

diabetickych zvifat bez 168by insulinem (SZT-0) a zvifat 1é€enych 4 jednotkami insulinu denné
(STZ4) nebo 12 jednotkami insulinu dennd (STZ12) zi¥fovana metodou immunoblottingu.
Exprese P-Ser473-Akt byla u skupiny STZ0 redukovéna, viivem 16&by inzulinem byla exprese P-

Ser 473 Akt obnovena aZ na uroveii

kontrol. Panel B: Mira aktivity Akt kinizy v rendlnim kortexu

byla m&fena technikou Akt kindzové assay. U skupiny STZ0 byla aktivita Akt redukovana, vlivem

16&by insulinem doglo doslo k jeji
+p<0.01 STZ 0 vs. kontrola; {p<0.0
vs. STZ 4

obnové a¥ na droveii kontrol *p<0.05 STZ 4 vs. kontrola;
5 STZ 4 vs. STZ 0, § p<0.01 STZ 12 vs. STZ 0 # p<0.05 STZ 12
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Obr 16: Exprese nTOR v rendlnim kortexu kontrolnich a diabetickych zvifat

Mira exprese P-Ser2448-mTOR (aktivni) a celkové mTOR v rendlnim kortexu byla u
diabetickych zvitat bez 1é¢by insulinem (SZT-0) a zvifat 1&enych 4 jednotkami insulinu
denn® (STZ4) nebo 12 jednotkami insulinu denn&  (STZ12) zji¥fovana metodou
immunoblottingu. U skupiny STZO byla exprese P-Ser2448 mTOR redukovana, vlivem 1&by
insulinem dodlo ke stimulaci exprese P-Ser2448. *p<0.05 STZ 4, STZ 12 vs. kontrola;
1p<0.01 STZ O vs. kontrola; 9<0.01 STZ 4, STZ 12 vs. STZ-0;
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Obr 17: Efekt insulinu na aktivitu Akt 2 mTOR u kontrolnich zvirat

Panel A: Mira exprese P-Ser473-Akt (aktivni) a celkové Akt (panel A) spolu s mirou exprese
P-Ser2448-mTOR (aktivni) a celkové mTOR (panel B) v renalnim kortexu byla u kontrolnich
zvitat bez 16&by insulinem (K) a kontrolnich zvifat, kterym byly podavany 4 jednotky insulinu
denng (K4) zjisfovana metodou immunoblottingu, Vlivem podévani insulinu doslo v renainim
kortexu u kontrolnich zvifat k nariisti exprese P-Ser473-Akt. Insulin nemél vliv na aktivitu

mTOR $p<0.001 K4 vs. kontrola
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5.4. Diskuse

Je znamo, Ze jak glukosa, tak insulin, dva hlavni komponenty diabetického metabolického
milieu, moduluji aktivitu Akt kinasy v fadé bunétnych typ a tkani (Gerhardinger C a kol.
2001, Joussen AM a kol. 2002, Thirone AC a kol. 2002, Laviola L a kol. 2001, Dobrzynski E
a kol. 2002, Wu D a kol. 2007, Mariappan MM a kol. 2007). Pfedkladana studie testovala
hypotézu, Ze metabolicka kompenzace diabetu predstavuje urcujici faktor exprese a aktivity
proteini Akt a mTOR zapojenych v procesech ranného renalniho hypertrofického ristu.

U diabetickych STZ potkanii stupeii aktivity Akt kindsy a exprese P-Ser-473 Akt v
zisad€ odpovidaly hladinam glukosy v krvi a intensit€ 1é¢by insulinem. U skupiny STZO0 byla
exprese a aktivita Akt redukovana, vlivem 1é¢by insulinem doslo k obnové aZ na firovefi
kontrol. Z téchto vysledki vyplyva, Ze uroven metabolické kontroly je dilezitym faktorem
ovliviiujicim aktivitu Akt kindzy v renalnim kortexu b&hem diabetu. S ohledem na zpiisob
aktivace Akt kinizy by mohl byt moZnym vysvétlenim redukce cytosolické Akt aktivity u
skupiny hyperglykemickych STZO potkand absolutni nedostatek insulinu. Hladina glukosy
v krvi je dal§im faktorem modulujicim vyrazné aktivitu Akt kinazy. Vyzkumy zamé&fené na
studium Akt signalizace v ledvinich za t&chto podminek pfinesly fadu protichiidnych zavérd.
In vitro studie prokazaly, Ze vlivem hyperglykémie dochazi jak k inhibici (Lin CL a kol.
2006), tak ke stimulaci (Wu D a kol. 2007, Mariappan MM a kol 2007) Akt aktivity v
ledvinach a to s nejvét§i pravdépodobnosti v zavislosti na takovych faktorech jakymi jsou
doba trvani hyperglykemickych podminek a buné&tny typ, piestoZze o existenci téchto
zévislosti 1ze spekulovat. V buiikach proximalnich tubuld naptiklad vysoka hladina glukosy
indukuje zvySenou Akt fosforylaci in vitro 15 min po stimulaci glukosou s navratem
k bazilnim hodnotam po uplynuti 30 min od zaCatke stimulace (Mariappan MM a kol.
2007), kdezto v pfipadé mesangidlnich bun€k lze glukosou-indukovanou fosforylaci Akt
detekovat 20 minut od potétku indukce glukosou a OCinek této stimulace pietrvava jesté 72
hod po zaéatku in vitro experimentu (Wu D a kol 2007). In vivo byla prokazana zvy§ena mira
fosforylace Akt kinizy v glomerulech diabetickych zvifat bez insulinové lécby 2, 4, a 12
tydni po indukci diabetu (Nagai K a kol. 2005, Wu D a kol 2007). V renalnim kortexu byla u
skupiny diabetickych zvifat bez 1é¢by insulinem detekovéna zvySena aktivita Akt kindzy po

‘uplynuti 4 dndi od indukce diabetu streptozotocinem (Lee MJ a kol. 2007). Jiz 2 tydny po

indukci diabetu v§ak Wu D a kol. (2007) u téZe skupiny zvifat uvadi pouze mirné zvySenou
expresi P-Ser-473 Akt vrenilnim kortexu v porovnini s mirou exprese tohoto proteinu
v glomerulech. Predkladana studie analyzuje ledvinovy kortex diabetickych zvifat v pozd&jsi
fazi - 4 tydny po indukci DM. Na$e pozorovani, kdy u hyperglykemické skupiny STZ O doslo
k redukci Akt aktivity v rendlnim kortexu je dusledkem odlisného uspofadani pokusu a
nemusi byt vrozporu s vysledky uvedenych studii. Je mo¥né, Ze tento fenomén je jen
diisledkem kombinace spoluplisobeni akutni faze hyperglykemie a bunéného typu. Mohou
to byt pravé hypertrofické bufiky proximalnich tubuli pfevaZujici v rendlnim kortexu
diabetem postizenych zvifat, které se podileji na defektni aktivité Akt kinasy v renalnim
kortexu za hyperglykemickych podminek tim, Ze maskuji zvy3enou aktivitu Akt kinazy v
glomerulech. Zavislost aktivity Akt kinasy u skupiny STZ O pa &ase byla jiZ prokdzana
vretin€ (Li YJ a kol 2007), dal§i tkini jejiz mikrovaskulatura je postiZzena UCinky
hyperglykémie. NaSe navazujici pozorovani, kdy vlivem 1é¢by insulinem doslo pouze k
Castetnému obnoveni aktivity Akt v renalnim kortexu u skupiny STZ4 diabetickych zvitat,
zatimco stejnad davka insulinu vedla u kontrolnich zvifat k signifikantnimu niristu Akt
aktivity a intenzivni 1é&€ba insulinem se u skupiny STZ12 se projevila normalizaci aktivity Akt
na troveii kontrol pak sv&d¢i pro pfitomnost ur€itého stupné€ sniZené citlivosti Akt kinazy
k G€inkiim insulinu u skupiny diabetickych zvifat. Skupina kontrolnich zvifat 1écenych
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insulinem pfitom vykazovala podobné hladiny insulinu vkrvi jako skupina diabetickych
zvitat STZ4. Uvedené skupiny zvifat se oviem vyrazng liily hladinami glukosy v kivi.

Renalni hypertrofie vyjadfena nariistem pom&ru hmotnosti ledviny k celkové hmotnosti
t&la byla p¥itomna u vSech skupin diabetickych zvitat. Mira hypertrofického riistu se viak
litila v zavislosti na intenzit® insulinové 1éSby. Protein mTOR se v ledvinich podili na
zvjSené syntéze proteinil extracelularni matrix (Senthil D a kol. 2003) a z dlouhodobého
hlediska na rozvoji glomerulosklerosy (Lloberas N a kol. 2006). Vyznam signalni kaskady
Akt/ mTOR pro rozvoj DN byl prokazan dlouhodobym podavanim inhibitoru mTOR
rapamycinu, kter§ mé nefroprotektivni iCinky (Yang Y a kol. 2007, Lloberas N a kol. 2006).
Dle nagich pozorovani kopirovala aktivita mTOR zhruba aktivitu Akt kinazy. U skupiny STZ
0 doslo k poklesu aktivity mTOR. Létba insulinem pak vedla k signifikantnimu nériistu
aktivity mTOR, aviak na rozdil od aktivity Akt byla aktivita mTOR u: diabetickych zvifat
létenych insulinem vysSi v porovnani s kontrolami a byla pfimo Um&ma pouZité davce
inzutinu. U skupiny kontrolnich zvifat nemé&lo podavani insulinu vliv na aktivitu mTOR, na
rozdil od aktivity Akt kinazy. Tato pozorovani by sv&dila pro to, Ze mira metabolické
kompenzace je dileZitym modulatorem aktivity proteinu mTOR v ledvinich v podminkach
DMI1 a e krom& Akt kinazy je aktivita mTOR za téchto podminek pravdépodobné
regulovana i dal¥imi signalnimi molekutami. Hyperglykemické podminky napfikiad moduluji
akdtivitu AMP-aktivované protein kinisy (AMPK), pfirozen¢ho inhibitoru aktivity mTOR,
uplatiiujici se v procesu regulujice rendlni hypertrofie stimulaci aktivity mTOR (Lee M]J a kol
2007). Signélni kaskada S6K1 aktivujici mTOR prostfednictvim protein kinasy C (HolzMK a
Blenis J. 2005) by pak mohla byt dalfim mechanismem potencionalné zapojenym do procesu
Akt nezavislé aktivace mTOR.

5.5. Shrnuti

Rada patofyziologickych mechanismi zapojenych do procesu vzniku DN je ovlivnéna
aktivitou Akt, ktera je ovSem zapojena rovnéZ v procesech nefroprotektivni signalizace, a
prohypertrofickou aktivitou mTOR. Nase pozorovani , kdy u diabetickych STZ potkand
aktivita a exprese Akt a mTOR zhruba reflektovala miru metabolické kompenzace, ukazuje,
e hodnota glykémie je spolu s intenzitou 16&by insulinem diileZitym modulatorem signalni
kaskady Akt/mTOR pfi DMI1. Fakt, Ze na rozdil od aktivity Akt byla aktivita mTOR u
diabetickych zvitat 1é€enych insulinem vy$si v porovnani s kontrolami a byla ptimo imérn
pou¥ité davce inzulinu nabizi hypotézu, e za podminek DM] je aktivita mTOR, ve vztahu ke
stupni metabolické kompenzace, regulovina i dal§imi mechanismy.
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6. Studie ITL
Rendlni cyklooxygenisa 2 u obézniho Zuckerova potkana

6.1. Uvod

Cyklooxygenazy (COX) katalyzuji biosyntézu biologicky vyznamnych prostancidi konverzi
kyseliny arachidonové na PGH2. Dosud byly u savci identifikovany tii isoformy COX proteini.
Isoformy COX-1 a COX-2 jsou kodované odlisnymi geny (Xie WL a kol. 1991). Jmenované isoformy
se nelii strukturou ani katalytickon aktivitou, k zisadnim odliSnostem dochdzi na urovni exprese,
funkce a lokalizace vorganismu. ZjednoduSend lze fici, Ze COX-1 ‘isoforma je konstitutivné
exprimovana na zikladé hormonalnich signali uplathujicich se v homeostatickych procesech, Naproti
tomu inducibilni COX-2 isoforma ma nizkou bazalni hladinu tkafiové exprese. Ke zvySeni exprese
COX-2 dochazi pusobenim mitogennich nebo zinétlivych signali nebo vlivem fyzikalnich stimuli
(Tetsuka T a kol. 1996, Fletcher BS a kol. 1992). Nariist exprese a aktivity COX-2 byl zaznamenan u
n&kolika modelii progresivnich renilnich onemocnéni, véetmé DM1 (Cheng HF a kol. 2002,
Komers R a kol. 2001). S ohledem na vyznam COX metaboliti pro rendlni funkce je moiné, Ze
hyperinzulinemické podminky b&hem DM2 ovliviiuji expresi obou isoforem COX enzymi a
produkované metabolity piispéji k rozvoji abnormalit spojenych s DN.

6.2. Metody

Detailni popis pouZitych metod je uveden v sekci 3.

6.2.1. Uspoi'ddéini pokusu

Exprese COX-1 a COX-2 v renalnim kortexu 4 a 12 tydennich Zuckerovych potkanid (ZDF 4,
ZDF 12) a v&koveé odpovidajicich kontrolnich zvifat (ZL 4, ZL12) byla zji§tovana za pomoci
metod immunoblottingu a immunohistochemie. Vliv hyperinsulinemie na renalni aktivitu
COX-2 byl sledovan v separatnim pokusu, kde byl 12 tydennim ZDF a ZL potkanim
intraperitonealng aplykovan wortmannin (v davce 100 pg/ kg télesné hmotnosti v 15%
DMSO) nebo samotné vehikulum (15% DMSO). Okamzité po podani uvedenych latek byla
pokusna zvifata umistnéna do metabolickych kleci s volnym pfistupem k vodé a potrave, kde
probihal sb&r mo&i. A% do daldiho zpracovani byla mo¥ skladovéna pti -80 °C. Pomoci
komeréniho immunoassay kitu (EIA) (Cayman Chemicals, Ann Arbor, MI, USA) a za za
vyuziti firemnich metodickych postupli byly v mo& nasledng stanoveny koncentrace TxA2
spolu s koncentracemi PGE2 a jejich metabolity.

6.3. Vysledky

Zakladni metabolické a fyziologické parametry pokusnych zvifat jsou uvedeny v tabulce 7.
V tabulce 8. jsou pak uvedeny metabolické a fyziologické parametry zvifat, kterym bylo
aplikovano vehikulum nebo wortmannin. Dle pfedpokladu byla t&lesnd hmotmost ZDF potkanti
signifikantn& vy38i v porovnani se ZL a to jiZ u zvifat ve v&ku 4 tydnu. Ve v&ku 12 tydni byl
rozdil v hmotnosti pokusnych zvifat jesté vyznamnéjdi. Ackoli se pomér hmotnosti ledviny ku
hmotnosti téla u 4 tydennich ZDF nelisil v porovnani s kontrolami, ve véku 12 tydnti doflo u ZDF
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k poklesu hodnoty tohoto pomé&ru ve srovnini se ZL stejného vé€ku. ZDF zvifata vykazovala
rovnéz vy$§i hodnoty koncentrace inzulinu v plazm& spolu se zvySenymi hladinami
triacylglyceroli a NEMK v séru. Podani wortmanninu vedlo k nartistu hodnot triacylglyceroli a
poklesu hladiny NEMK v seru 12 tydennich ZDF.

Tabulka 7: Zakladni metabolické a fyziologické parametry pokusnych zviiat

HPFL | Plasmaticky Giukosa | TG . NEMK \Kreatinovs. Urin&rni

o H[g‘ /100g | mwlin | vEW P8 [moll] clearence  exkrece

: TH [mmold] : [omold] ' . [mb/min] . proteind

. Ing/min]

R e B e il v S AR Rt T
ZDF4 | 6 mEe | 0sampr | odmom | o7aeeR  © S0€ Lot | ND ND ND
ZL12 | 5 3wy L3005 | 031001 . 048009 - 5301 ogir | O4mM0®  ogmon 5,60,

ZDF 12 ¢ 6 2P | 1295008 | 02m00P | 1B01F | GEOF | 4206 | OS80M° | am@ | Besr

TH, télesna hmotnost, HPL, hmotnost pravé ledviny;, TG, sérové triacylglyceroly, NEMK,
neesterifikované mastné kyseliny v séru. “p<0.01; B p<0.05; © p<0.001 ZDF vs. ZL stejného
véku,

Tabulka 8 : Zikladni metabolické a fyziologické parametry pokusnych zviFat po
aplikaci wortmanninu nebo vehikula

L | Giak
: a0 TH L owee | BFL L Gl 16 | NEMK |
! i : ¢ /100gTH vievi :
; i : a 3] | mmol [nmel 1] . [omola]
zL 5 | 34511 1.06 $0.06 - 0.31 20.01 | 44 %01 ¢ 0.67 £0.10 ¢ 0.30 10.06 |
vehikulum = ! : : ‘ 3 “ 7
ZDF g ? b | s R T ?
l's | 5084220 | 1.23 0.04% | 0.24 $0.01 | 58%0.22 | 2.8240.12 | 0.50 20,045 |

vehikulum : : : : ! ‘ '
P ? | 1 i i

ZL. .15 . 355%10 | 1.05#0.03 . 0,30 £0.01 . 4.6%00 059 %0.07 . 0.24 3004 |
wortmannin i ‘ : ‘ : k i
ZDE i i : ) : ; . i

H : i H i : H

L 5 ! S16¥17° | 147 #0.05° : 023 %0.01° | 6.1 %02 | 4522047 © 0,29 #0030 |

wortmannin | ; |

TH, télesnd hmotnost; HPL, hmotnost pravé ledviny, TG, sérové triacylglyceroly, NEMK,
neesterifikované mastné kyseliny v séru. “p<0.001 ZDF s vehikulem vs ZL s vehikulem ; ®
p<0.05; € p<0.01 ZDF s wortmanninem vs ZL s vehikulem; ? p<0.01 ZDF s wortmanninem
vs. ZDF s vehikulem
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JiZ u 4 tydennich ZDF jsme prokazali progresivni nartist exprese COX-2 v renalnim
kortexu v porovnéni se ZL stejného vEku (obr 18, panel A). Tento narist v expresi COX-2 byl
jedtd vyrazngj$i u skupiny ZDF ve véku 12 tydnii. ZvySena exprese COX-2 u 12 tydennich
ZDF byla asociovana se zvySenym vyludovanim metabolith PGE2 a TxB2 v moéi téchto
zvitat (obr. 20). Aplikace vehikula vyluovani metabolittt neovlivnila (obr 21). Podani
wortmaninu skupind ZDF zvifat vedlo k signifikantnimu poklesu produkce TxB2 v modi v
porovnani se zvifaty, kterym bylo aplikovano pouze vehikulum. Na rozdil od skupiny ZDF
nemélo podéni wortmaninu vliv na produkci metabolittt v mo&i zvifat ze skupiny ZL (obr
21).

Jak u ZDF, tak u ZL byla exprese COX-2 immunohistochemicky lokalizovana do lokalit
rendlniho kortexu typickych pro potkana - macula densa a Henleyova kli¢ka (TAHL) (obr
19). Na rozdil od COX-2 byla exprese COX-1 isoformy u ZDF ve véku 12 tydnil niZsi v
porovnini s kontrolni skupinou (obr18, panel B).
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Obr 18: Rendlni kortikdlni exprese cyklooxygenizy 2 (COX)-2 (A) a COX-1 ®B) u
kontrolnich Zucker lean (ZL) a obéznich diabetickych Zuckerovych petkanlii (ZDF).

(panel A) K signifikantnimu nariistu exprese COX-2 doslo jiZ u 4 tydennich ZDF. U 12 tydennich
ZDF byl tento nariist exprese jeité vice signifikantni v porovnéni se ZL stejného viku (panel B)
Exprese COX-1 se mezi skupinami 4 tydennich ZDF a ZL nelidila. U 12 tydennich ZDF doslo k
signifikantnimu poklesu exprese COX-1 v porovnani se ZL. stejného veku.

*P < 0.05 ZDF vs. ZL stejného véku ; 1P < 0.01 ZDF vs. ZL stejného véku
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Obr 19;: Immunohistochemicka lokalizace exprese COX-2 v rendlnim Kkortexu ZL (A) a
ZDF (C) potkanii. Immunohistochemické studie byly provadény na ledvinach 12 tydennich
zvitat. U obou skupin pokusnych zvifat byla exprese COX-2 lokalizivna do bun€k macula
densa a Henleyovy klicky. Na panelech B a D je zobrazena kontrolni tkafi inkubovana

s neimunnimi IgG
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Obr 20: Produkce stabilnich metaboliti prostaglandinu E (PGE) a thromboxanu A2
(TxA2) v moti ZDF a kontrolnich ZL petkanii ve veku 12 tydni V moci ZDF potkant
byla zaznamenana zvyiena produkce obou COX metabolitu *P < 0.05 ZDF vs. ZL
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Obr 21: Produkce stabilnich
(TxA;) v moéi 12ti tydennich
nebo vehikula . Ve srovnavi s k
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metabolitt prostaglandinu E (PGE) a thromboxanu A;
7ZDF a kontrolnich ZL zvifat po aplikaci wortmanninu
ontrolnimi zvifaty po aplikaci vehikula (ZL-veh), vykazovali

ZDF potkani po podani vehikula (ZDF-veh) signifikantni narast produkce COX metabolitd v
moti, Aplikace wortmanninu méla u skupiny ZDF potkani (ZDF-Wort) za naslededek
signifikantni pokles exkrece TxB; v moti zvifat ve srovnani se ZDF-veh. Na rozdil od ZDF,
neméla 16¢ba wortmanninem vliv na vyskyt TxB; v moti kontrolni skupiny ZL (ZL-WORT).
P < 0.05 ZDF-veh vs. ZL~veh ; P <0.05 ZDF-WORT vs. ZDF-veh
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6.4. Diskuse

Piedkladana studie demonstruje model renalniho onemocnéni associovaného se zvySenou
expresi a aktivitou COX-2 v kife ledvin. Tyto nalezy jsou vsouladu sjiz dfive
publikovanymi studiemi vyzkumu exprese a aktivity COX-2 s vyuZitim takovych modelt
progresivni glomerulosklerosy jakymi jsou potkani s SasteCnou nefrektomii (Wang JL a kol.
1998) nebo streptozotocinovy model diabetické nefropatie (Cheng HF a ko). 2002, Komers R
a kol. 2001)

Hyperglykémie predstavuje dulezity faktor ovliviiujici expresi COX-2 v ledvinach (Cheng HF
a kol. 2002, Komers R a kol. 2001). Na rozdil od zminéného DM1 modelu, v pfipadé ZDF
modelu nedoslo k nariistu exprese COX-2 vlivem hyperglykémie, protoze 12 tydenni zvifata
vykazuji pouze stfedné zvy$enou miru glykémie a 4 tydenni zvifata, ktera ronéz vykazuji
signifikantni narist exprese COX-2, jsou stale prakticky normoglykemicka. Tato pozorovani
by svéd&ila pro to, Ze krom& hyperglykémie se na regulaci exprese COX-2 podili i dalsi

- faktory. Je znamo, Ze v hyperglykemickém prostiedi je exprese COX-2 modulovana mimo

jiné signalizaci ROS a PI3K/ Akt signalni kaskadou podilejici se na regulaci aktivity
transkripéniho faktoru NF kappa B ( Kiritoshi S a kol. 2003, Sheu ML a kol. 2004). NF kappa
B je znimym modulitorem transkripce COX-2 (Lim JW a kol. 2001). Jak prokazaly naSe
predchozi studie, paralelné s naristajicim v€kem a rozvojem metabolického syndromu
vykazuje ZDF model narist aktivity a exprese Akt v kiife ledvin. Tento narist je, alespofi
z &asti, z4visly na insulinu a je nezavisly na G¢inku hyperglykemie. Zaznamenana korelace
mezi progresivnim narustem exprese COX-2 proteinu a aktivitou Akt kinizy by pak
naznafovala moZnou zavislost exprese COX-2 na insulinové signalizaci a rozvoji
metabolického syndromu. Za iCelem posouzeni vlivu inzulinové signalizace na aktivitu COX-
2 byl skupiné 12 tydennich ZDF potkanti podan inhibitor PI 3K, wortmannin. Tato intervence
méla za nasledek pokles exkrece TxB2 a PGE2 metabolitii v moéi zvifat, ackoli na rozdil od
TxB2 nebyl pokles exkrece PGE2 statisticky vyznamny. Toto zji§téni, spolu s faktem, Ze
aplikace wortmaninu neméla vliv na vyluGovani prostanoidi v mo¢i u kontrolni skupiny ZL,
vede k zavéru, ze aktivita COX-2 je u ZDF potkanii, alespon z &sti, zavisla na inzulinu.
Wortmanninem indukovana sniZena produkce prostaglandind v mo&i ZDF potkand by viak
mohla mit i jiné vysvétleni. Diivodem sniZené produkce prostanoidii v mo&i by mohla byt
snizena hladina NEMK pozorovana vséru 12 ti tydennich ZDF koreluyjici se snizenym
vyskytem prostanoidi v mo¢i ZDF, kterym byl aplikovan wortmannin. NEMK slouZi jako
prekursory syntézy kyseliny arachidonové (Needleman P a kol. 1986). Kyselina
achachidonovi je COX enzymy nejprve oxidovana a posléze redukovana za vzniku PGH,-
meziproduktu syntézy prostaglandimi a thromboxyni.

Exprese COX-2 lokalizovana v oblasti macula densa/ TAHE  vyznamné ovliviiuje
renalni hemodynamiku a funkce modulaci systému renin-angiotensin (Cheng HF a Harris RC
2004). Prostanoidy produkované COX-2 v koneéném dusledku piispivaji k patogenezi DN
presklerotickymi a hemodynamickymi.

Studium exprese COX-1 nebylo pivodné cilem této studie. AvSak sniZzena exprese COX-
1 u 12 tydennich ZDF spolu se znamou lokalizaci této izoformy ve sbérnych kanalcich
(Campean Va kol. 2003) mohou mit patofyziologicky vyznam vzhledem ktomu, Ze
enzymem produkované protaglandiny pravdépodobné ovliviiuji natriurézu a diurézu (Breyer
MD a Breyer RM 2001). Redukce exprese COX-1 by tak u obéznich ZDF potkanii mohla
piispét k pozde&jsimu rozvoji hypertenze snizenim natriuretické odpovédi.
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6.5. Shrnuti

ZDF potkani demonstrovali, v zévislosti na rozvoji metabolického syndromu, pokles exprese
COX-1 a narlist exprese COX2 proteinu spolu se zvysenou produkci prostancidi v moci.
Podani inhibitoru insulinové signalizace, wortmanninu, prokazalo souvislost mezi
hormonalnimi a metabolickymi charakteristikami (hyperinsulinemii a zvySenou koncentraci
NEFA v plasm&) a produkci prostanoidi v mo&i u ZDF modelu. Vzhledem k vyznamu
isoforem cyklooxygenaz pro renilni funkce a patofyziologii mohou alterace exprese a
aktivity téchto enzymi piispét k pozd&jsimu rozvoji abnormalit spojenych s DN, jakymi jsou
zmény rendlni hemodynamiky a rozvoj hypertenze.
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7. Zaveéry

U diabetickych STZ potkan(i korespondovala mira aktivity Akt a exprese P-Ser-473 Akt s
miru metabolické kompenzace. Aktivita mTOR pak zhruba kopirovala aktivitu Akt kinazy.
Na rozdil od Akt kinizy, jejiz aktivita odpovidala insulinemii, byla aktivita mTOR
modulovana kombinaci hyperglykémie a spolu s intenzitou 16€by insulinem. Tato pozorovani
by svédéila pro to, z¢ vpodminkich DMI1 je mira metabolické kompenzace dileZitym
modulitorem aktivit proteinii Akt a mTOR a Ze kromé Akt kinasy je aktivita mTOR za t&chto
podminek s velkou pravdpodobnosti regulovana i dalimi signalnimi molekulami.

V pipadé modelu DM2 sv&d&i narlst aktivity jak Akt, tak mTOR v zévislosti na
rozvoji metabolického syndromu o normalni insulinové signalizaci v hypertrofické
Akt/mTOR kaskads. Aktivita vasoprotektivni Akt/ eNOS signalizace naproti tomu
vykazovala znimky oslabeni a spolu s néristem aktivity COX-2 a zvySenou produkci
prostancidd tak prispSla ke zmé&ndm renalniho vaskularniho tonu a modulacim
hemodynamiky v renalnim kortexu pii DM2

S ohledem na mnohodetné funkce a vyznam Akt a COX signalizace pro renalni
patofyziologii mohou zmin&né nalezy pfispét k pochopeni strukturélnich a hemodynamickych
abnormalit asociovanych s rannymi stadii diabetické nefropatie.
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ABSTRACT
Insulin resistance (IR) and consequent hyperinsulinemia are hallmarks of Type 2 diabetes

(BM—Z—).—«AkHdnas&(fA—kt-)ﬂ‘~is—~anw~import-ant~molecule>~in---insu1in—fsignaling-, implicated in

regulation of glucose uptake, cell growth, cell survival, protein synthesis, and endothelial
nitric oxide (NO) production. Impaired Akt activation in insulin-sensitive tissues

contributes to IR. However, Akt activity in other tissues, particularly those affected by

complications of DM2, has been less studied. We hypothesized that hyperinsulinemia

coﬁld.have an impact on.activity of Akt and its-effectors involved in regulation of renal -

morphology and function in DM2. To address this issue, renal cortical Akt was
determined obese Zucker rats (Z0O), a model of DM2, and lean cbntrols (ZL). We also
studied expression and phosphorylation of the mammalian target of rapamycin (mTOR)
and endothelial NO synthase (eNOS), molecules downstream of Akt in the insulin
signaling cascade, and documented modulators of renal injury. Akt activity was measured
by a kinase assay with GSK-3 as a substrate. Expression of phosphorylated (active) and
total proteins was measured by immunoblotting and immunohistochemistry. Renal Akt
activity was increased in ZO as compared to ZL rats, in MIel with progressive
hyperinsulinemia. No differences in Akt were observed in the skeletal muscle.
Corresponding to increases in Akt activity, ZO rats demonstrated enhanced
phosphorylation of renal mTOR. Acute PI3K inhibition with wortmannin (100 pg/kg)
attenuated renal Akt and mTOR activities in ZO, but not in ZL rats. In contrast to mTOR,
eNOS phosphorylation was similar in ZO and ZL rats, despite khighet total eNOS
expression. In conclusion, ZO rats demonstrated increases in repal Akt and mTOR

activity and expression. However, eNOS phosphorylation did not follow this pattern.

These data suggest that DM2 is associated with selective IR in the kidney, allowing pro-

growth signaling via mTOR, whereas potentially protective effects mediated by eNOS

are blunted.

Keywords: Akt kinase, phosphatidylinositol 3 - kinase, Zucker rat, mammalian target of

rapamycin, mTOR, endothelial nitric oxide synthase.




INTRODUCTION
Resistance to metabolic actions of insulin (ipsulin resistance, IR), typically

occurring ininsulin-sensitive-tissues-such-as the-skeletal muscle,-liver and adipose tissue,

is a hallmark of Type 2 diabetes (DM2), and is often associated with obesity (1).
Insulin signaling involves activation of its receptor tyrosine kinase and subsequent

phosphorylations of several substrates, including members of the insulin receptor

substrate family and phosphatidylinositol 3 - kinaseé (PI3K) (2). The serine/threonine

- kinase-Akt/protein kinase B.(Akt) is.one.of the downstream targets.of PI3K (2, 3),and an

impottant molecule in insulin signaling. Akt activation is a process involving membrane
translocation and phosphorylation by phosphoinositide-dependent protein kinases (3).
Activity of the PI3K-Akt pathway can be negatively regulated by protein phosphatases,
such as phosphatase with tensin homology (PTEN) (4). Phosphorylated (active) Akt,
acting via its downstream effectors, has been implicated not only in regulation of
mechanisms important for glucose homeostasis, such as glucose uptake and glycogen
synthesis, but also in the control of other cell functions, including growth, survival,
protein synthesis, and endothelial nitric oxide (NO) production (5). Thus, in addition to
being a hormone with well established metabolic actions, insulin acts as a growth,
survival, and vasoactive factor.

Impaired insulin signaling via the PI3K-Akt pathway in insulin-sensitive tissues
has been implicated in the pathophysiology of IR (6, 7). It has been posiulated that the
resulting hyperinsulinemia may have impact on other cells and tissues, and play a role in

the pathophysiology of micro- and macrovascular complications of diabetes (8).

The kidney is also a target of insulin actions, and nephropathy is one the most
serious complications of DM2, reaching epidemic proportions in some parts of the world
(9). Moreover, obesity, even without marked hyperglycemia, is associated with a variety
of renal pathologies both in clinical and experimental settings (10, 11). Studies indicate
that insulin and/or Akt stimulation influence renal cell protein synthesis, viability, renal
hemodynamics, NO production, and sodium reabsorption, i.e. mechanisms with relevance

to renal pathophysiology (12-17). If renal Akt activation remains unaffected in IR,

permanent exposure to hyperinsulinemia due to IR could have impact on its downistream

effectors and renal morphology and function.

The mammalian target of rapamycin (mTOR) is an important molecule in
regulation of protein synthesis. Regulation of mTOR signaling is linked to PI3K-Akt by
the tuberous sclerosis complex (18). Upon insulin and growth factor stimulation, mTOR
facilitates protein translation through inhibitory phosphorylation of eIF-4E binding
protein (4E-BP1), a translation repressor. These events result in activation of the
translation of specific mRNA. subpopulations. Enhanced protein synthesis may contribute
to the development of renal hypertrophy via enhanced extracellular matrix accumulation,
one of the key elements in the pathophysiology of glomerulosclerosis and renal
interstitial fibrosis (18).

In contrast to mTOR, endothelial nitric oxide (NO) synthase (eNOS) exerts
protective actions in the kidney by generation of endothelium—deﬂved‘NO, a molecule
with well established vasodilator, antithrombotic and antigrowth effects in the
cardiovascular system and the kidney (19-21). Upon agonist stimulation, Akt mediates

phosphorylation of eNOS on Serl177, resulting in enhancement of its NO-generating
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capability (22, 23). Indeed, insulin acts as an endothelium-dependent vasodilator in most

vascular beds (24). Impaired endothelial function has been suggested as one of the

path‘cfgenic*“mechalﬂsms*fofwrenalm-involvement-"in—-experimental-”moc.lels-- of DM2 and
obesity (21, 25). In turn, restoration of endothelial NO generation has been shown to be
protective in these conditions (25).

In the present studies, we determined renal cortical Akt activity and expression in

the hyperinsulinemic environment typically associated with IR. In parallel, we studied

expression-and-phoéphorjrlétioﬂ~§fatus~of—m’-1"—0RAand— eNOS; the-molecules downstream: of --

Akt in the insutin signaling cascade, and known modﬁlators of renal injury (21, 25-27),
We hypothesized that in DM2, the kidney is affected by selectivé IR allowing enhanced
pro-growth signaling, whereas potentially protective effects mediated by Akt-induced
eNOS phosphorylation are blunted. To address this issue, these components of insulin
signaling were determined in the renal cortex of obese Zucker fatty rats (fa/fa, ZO) (28),
a model of DM2. Zucker lean rats (ZL) that do not display metabolic defects served as

controls.

METHODS
Diabetic rat model.

Male ZO and control ZI. tats were obtained from Charles kRiver, Suizfeld,
Germany. ZO rats are metabolically well characterized: an autosomal recessive mutation
of the fa-gene, encoding the leptin receptor, results in hyperphagia, obesity, and
hyperlipidemia (29). ZO rats display insulin resistaﬁce, marked hyperinsulinemia, and

impaired glucose tolerance, and slowly progressive increases in blood glucose (BG)

concentrations (30). Later in the course of the disease, ZO rats develop progressive
albuminuria and glomeruloscierosis (31).

All experimeﬁts were catried out with the approval of, and in accordance with the
regulations of, the Institutional Animal Care and Use Committee of the Institute for
Clinical and Experimental Medicine. The animals were housed with a light-dark cycle of

12 hours each, and with free access to food (standard chow) and water.

Study design.

In the first series of experiments, renal cortical activity, expression, and
immunohistochemical localization of Akt and protein expression of PTEN in 4-week and
12-week old ZO (n=6) and ZL (0=5) rats were determined.in parallel with Akt activity in

the skeletal muscle. Protein expression of phosphorylated and total mTOR and eNOS

were studied in 12-week old animals. To further explore the status of the PI3K-Akt

pathway and its impact on. downstream molecules, Akt and mTOR were studied in
separate groups of 12-week old ZO and ZL rats (n=5 in each group) administered
intraperitoneal injections of the PI3K inhibitor wortmannin (100 pg/kg bwt in 15%
DMSO, 90 minutes before sacrifice) and compared to vehicle (DMSO)-treated animals.
In previous in vivo studies conducted by Gao and co-workers (32), a substantially lower
dose of wortmannin (15 pg/kg bwt) injected i.v. blocked insulin-induced increases in Akt
activity, and inhibited the beneficial effects of insulin on apoptosis "in a rat model of
myocardial infarction.

After sacrifice, the blood was collected for determinations of BG, serum

triglycerides (TG), non-esterified fatty acids (NEFA), and plasma insulin levels. The
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soleus muscles wére removed and snap frozen in liquid nitrogen. The kidneys were
quickly removed on ice, decapsulated and divided into cortical and medullary portions,

frozen-in-tiquid-nitrogen;-and-stored-in--80°C-until-further analysis by kinase assay and

immunoblotting. Half of the right kidneys was immersed in 10% formalin and further
processed for immunohistochemistry. The blood and tissues were harvested without

previous food restriction.

Tissue preparation, ...

Renal cortical tissue and soleus muscles were homogenized in ice-cold buffer
containing 2 mM EDTA, 50 mM Tris/HCI pH 7.5 , 150 mM NaCl, lmM PMSF, 10
pg/ml leupeptin, 10 pg/ml aprotinin, 20 mM glycerol phosphate, 1 mM sodium
orthovanadate and 2 mM sodium pyrophosphate using a motor driven homogenizer and
centrifuged at 850g for 10 minutes at 4°C. The nuclei-free supernatant was further
centrifuged at 100,000g for 60 minutes at 4°C to obtain crude membrane and cytosolic
fractions. The analyses were performed in cytosolic fractions. Total protein concentration
in each sample was determined by BCA analysis (Pierce Biotechnology, Inc. Rockford,

IL).

Akt kinase assay.

The homogenates (300pg) were analyzed using an Akt kinase activity assay kit
(Cell Signaling, MA) according to the manufacturer’s instructions. In brief, renal cortical
and muscular homogenates harvested from ZL and ZO rats (300 pg) were

immunoprecipitated with immobilized phospho-Serine 473—-Akt antibody and incubated

L |

with the Akt substrate glycogen synthase kinase-3 (GSK-3) in the presence of ATP.
Protein expression of phosphorylated GSK-3, as a measure of Akt activity, was then

determined by western blotting using the anti-phospho-GSK-3 antibody.

Iﬁmunoblot analysis.

The total protein content of each sample was equalized by dilution in SDS-PAGE
sample buffer and incubated for 5 minutes at 97°C. Denatured proteins were then
separated through an SDS-polyacrylamide gel and transferred to PVDF membranes (Bio-
Rad). Membranes were washed and then blocked overnight with TBS-T containing 5%
nonfat dry milk. Following blockjng, membranes were again washed, and incubated
overnight with rabbit polyclonal antibodies (Cell Signaling, Beverly, MA) raised against
phospho-Serine 473-Akt (P-Akt, cat. # 9271, 1:500), phospho-Serine 2448-mTOR (P-
mTOR, cat. # 2971, 1:500), or phospho-Serine 1177-eNOS (P-eNOS, cat. # 9571, 1:600).
Immunodetection was accomplished by incubating membranes with a goat anti-rabbit
secondary antibody conjugated with horseradish peroxidase (HRP) for 45 minutes
(1:50,000, Pierce Biotechnology, Inc. Rockford, IL) in TBS-T containing 5% nonfat dry
milk. Visualization was performed with an enhanced chemiluminiscence (ECL) western-
blotting kit (Supersignal West Dura, Pierce Biotechnology, Inc. Rockford, IL) according
to the manufacturer’s instructions. Following the detections of phospho-proteins, the
membranes were stripped in a stripping buffer (Chemicon, Temecula, CA)‘ for 30 minutes
at room temperature, blocked for 60 minutes, and reincubated with rabbit polyclonal
antibodies against total Akt, total mTOR (Cell Signaling, cat. # 9272 and 2972,

respectively), or eNOS (BD Transduction Laboratories, San Diego, CA, USA) and
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further processed as described above. To determine equality of loading, membranes were

- restripped and reprobed for actin (Santa Cruz, Santa Cruz, CA) as previously described

(33). Measurements of PTEN expression were accomplished using the same procedure as
described above using a rabbit polyclonal antibody (Cell Signalini;, cat. # 9552, 1:500)

followed directly by actin detection. Resultant films (Kodak) were scanned using a

flatbed scanner and jmages analyzed with NIH Image soﬁware'with'the gel plotting

macro.

Immunochistochemistry.

The fixed kidneys were dehydrated through a graded series of ethanols, embedded
in paréfﬁn, sectioned at 4 pm thickness, and placed onto glass slides. Sections were
deparaffinized in xylene and rehydrated through graded ethanols to water, and pretreated
by stéaming in 10% CITRA buffer (BioGenex, San Ramon, CA). After blocking, the
slides were incubated o{rernight at 4°C with primary antibody (anti-phospho-Ser473-Akt,
Cell Signaling, 1:100) or with the.same concentration of non-immune mouse IgG as a
control. Endogenous ﬁeroxidase activity was blocked with 3% HzOz solution in
methanol. The primary antibody was localized using the Vectastain ABC-Elite
peroxidase detection system (Vector Laboratories, Burlingame, CA). This was followed
by reaction with diaminobenzidine as chromogen and counterstaining with hematoxylin
(Sigma, St. Louis, MO). Sections of each diabetic kidney were processed in parallel with

appropriate control tissue.

11

Analytical methods.

Blood glucose levels were measured by the glcose oxidase assay (Pliva-
Lachema, Czech Republic). Serum insulin concentrations were measured using a Tat
insulin RIA kit (Amersham Biosciences, Piscataway, NJ). Serum TG concentrations were
determined by standard enzymatic methods (Pliva-Lachema), and serum NEFA were
measured using an acyl-CoA oxidase-based colorimetric kit (Roche Diagnostics, Basel,

Switzerland).

Statistical analysis.

Data are expressed as mean + SEM. All analyses were performed by analysis of

variance (ANOVA) followed by the Scheff$ test. A p value of less than 0.05 was viewed

as statistically significant.

RESULTS

General physical and metabolic parameters in ZL and ZO rats are summarized in
Table 1. An increase in body weight was already apparent by 4 wecks in ZO, with an
even more striking difference in 12-week old animals, as compared to their age-matched
lean counterparts. Both 4-week old and 12-week old ZO rats demonstrated increases in
renal weight, However, the kidney/body weight ratio was not different at 4 weeks, and
even decreased in 12-week old ZO rats as compared to ZL rats of the same age. ZO rats

demonstrated progressive increases in plasma insulin concentrations and increases in TG
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and NEFA levels, Aithough still within the normal or near-normal range, BG values were

slightly increased in both age groups of ZO as compared to ZL.

AnalysiSAOfmAfktfkinasewactivity*by»in~vitro~1dnasé5assayvin—the--skeletal muscle did
not reveal any differences between ZL and ZO rats in either age group (Fig. 1). This
phenomenon was observed despite increasing plasma insulin levels in ZO rats, Akt

activity and expression in renal cortex is shown in Figure 2. In 4-week old ZO, Akt

activity (Fig. 2, Panel A) was still similar to that in ZL. In contrast to ybunger animals,
and unlike the findings in the skeletal muscle, 12-week old ZO rats demonstrated marked
increases in renal cortical Akt activity as compared to ZL (Fig. 2, Panel A). This finding
corresponded to increased expression of P-Akt in 12-week old ZO rats (Fig. 2, Panel B).
The abundance of total Akt protein was also increased in 12-week old ZO rats compared
with age-matched ZL (Fig. 2, Panel B). Immunohistochemical studies localized
phosphorylated Akt in glomeruli, in particular in podocytes, and in mesangial cells (Fig.
3). P-Akt immunoreactivity was also apparent in the distal tubules (Fig. 3). The
distribution of P-Akt in the cortex was similar in ZL. and ZO rats. There were no
differences in PTEN expression between ZL and ZO rats at either 4 or 12 weeks (Fig. 4).
Expression of mTOR and eNOS proteins were determined in 12-week old
animals, which had demonstrated differences in Akt activity. Both P-mTOR and total
mTOR protein abundances were enhanced in ZO rats as compared to ZL (Fig. 5). In
contrast to mTOR, eNOS phosphorylation was similar in ZO and ZL Tats, despite higher
total eNOS protein expression (Fig. 6).
To further explore whether renal Akt —~ mTOR activation is PI3K-dependent, 12-

week old ZO and ZL rats were treated acutely with wortmannin, an inhibitor of PI-3K.
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The tesults were compared to animals treated with DMSO as vehicle. Physical
parameters and BG levels in these groups of ZL and ZO rats were similar to those studied
in the first series of experiments (ciata not shown). To exclude the possibiiiry that DMSO
per se could influence Akt activity, renal cortical activity was compared between DMSO-
treated ZL and ZO tats. As shown in Figure 7, Panel A, DMSO-treated animals
demonstrated similar differences in renal cortical Akt activity as observed in ZO and ZL
rats without DMSO treatment. Wortmannin administration resulted in reductions in Akt
kinase activity (Figure 7, Pane} B), and mTOR phosphorylation in ZO (Figure 7, Panel

C), but not in ZL rats.

DISCUSSION

_In the present studies, ZO rats demonstrated progressive hyperinsulinemia and
other metabolic abnormalities characteristic of IR states, including marked elevations in
plasma TG and NEFA levels, and only a slight increase in BG concentrations. In this
metabolic environment, renmal cortical Akt kinase activity and expression of
phosphorylated Akt were increased in 12-week old ZO rats as compared to lean controls.
In contrast to tenal cortex, no differences in Akt activity between ZO0 and ZL rats were
observed in the skeletal muscle. ZO rats also displayed increased renal expression of total
Akt protein expression. This observation suggests that exposure to chronic
hyperinsulinemia leads not only to changes in posttranslational modificlations of Akt, but
also to changes in the transcriptional level of Akt regulation. The differences in renal Akt
activity in 12-week old ZO rats were not attributable to PTEN, since the expression of

this protein was similar in ZO and ZL rats.
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Studies have .suggested that Akt-mediated and growth factor-induced signaling

are involved in cellular hypertrophy and enhanced extracellular matrix (ECM) production

©40).

in—renal cells; —i:e—factors—operating-in-the_developrent_of _glomerulosclerosis and
interstitial fibrosis (12, 13, 34-37). These effects could be mediated via mTOR, a kinase
involved in the control of protein translation (12, 38). Activation of mTOR has recently

emerged as an important mechanism in renal and cardiovascular pathophysiology (26, 39,

compared to their lean counterparts. To further explore the link between
hyperinsulinemia and the renal PIK3-Akt-mTOR pathway in DM2, ZO and ZL rats were
administered the PI3K inhibitor wortmannin. This intervention was associated with
reductions of Akt kinase activity in ZO rats. Furthermore, wortmannin induced a
reduction in mTOR phosphorylation. These findings, together with the lack of effect of
wortmannin in ZL rats, suggest that enhanced renal Akt activity in ZO is, at least in part,
insulin-dependent, and that the pathway is involved in renal mTOR phosphorylation.
There is rapidly increasing evidence suggesting the roles of the Akt and Akt-
mTOR pathways in the development of nephropathy in both types of diabetes. In vitro,

Akt activation has been described in mesangial cells (36, 41), podocytes (27) and

- proximal tubular cells (35, 42) cultured in high ghicose conditions. In vivo, enhanced

renal Akt or Akt-mTOR activity has been reported in rodent models of Type 1 diabetes
(DM1), both at early and late stages of nephropathy (26, 36, 37, 43). Treatment with
rapamycin, an mTOR inhibitor, ameliorated early and advanced molecular and structural

markers of diabetic nephropathy (26, 36, 43).
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Although less abundant, evidence implicating Akt-mTOR signaling in the
pathophysiology of Type 2 diabetic nephropathy has been also emerging. Feliers et al.
(34) demonstrated increases in unstimulated Akt activity in the kidney of obese db/db
mice, a murine model of DM2. These changes coincided with the onset of hypertrophy
and matrix accumulation. More recent work by this group has linked these findings in
db/db mice to activation of remal mTOR and mRNA translation machinery, and
demonstrated beneficial effects of mTOR inhibition in the Type 2 diabetic kidney (44).
Our present observations are in agreement with these reports in experimental DM2.
However, since db/db mice display severe hyperglycemia, and, as shown in models of
DM, hyperglycemia per se stimulates Akt activity in renal cells (35), our study extends
previous findings by providing the evidence for Aki-mTOR activation in a model of
DM?2 with predominant hyperinsulinemia, and only slight hyperglycemia.

Thus, it appears that renal Akt-mTOR could be activated both by high glucose
and/or high insulin, suggesting roles for this pathway both in Type 1 and Type 2 diabetic
nephropathy. Indeed, studies have indicated similar potential of high glucose and insulin
to activate Akt and mTOR in renal tubular cells (35, 44). In this context, Akt-mTOR
activation may explain similarities in ;'enal pathology in patients with DM and at least
some DM2 patients, despite the differences in the metabolic mjlieu.

In addition, other factors, typically associated with diabetic renal pathology, could
be involved. Transforming growth factor-beta (TGF-beta) is one of £he best studied
prosclerotic cytokines, responsible for cellular hypertrophy and enhanced ECM
production in the diabetic kidney (45). ZO rﬁts display increases in renal TGF-beta

mRNA expression by 12 weeks of age (46). As recently reported, TGF-beta stimulates
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Akt in mesangial cells (37), suggesting another pathway for renal Akt-mTOR activation
in diabetes.

Interestingly, previous studies focusing on the extarenal \?ascula:' system in
experimental DM2 (8, 47) bave reported defects in Akt activation similar to insulin-
sensitive tissues, such skeletal muscle, adipose tissue, or liver. In this context, our present

data, in accord with previous studies in db/db mice (34, 44), suggest that the kidney may

T e S e e e e
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be an organ with a ﬁﬁiquely preservedablhtyof Akt to fespond'to increased plasma

~ insulin concentrations associated with IR:

P-Akt immunoreactivity was detectable in glomeruli, in particular in podocytes,
and to a lesser degree in mesangial cells, and in distal tubules. To our knowledge,
immunohistochemical localization of P-Akt in the kidney in experimental DM2 has not
been reported. However, P-Akt distribution in ZL and ZO rats corresponds to previous
findings in STZ-diabetic rats. Thirone and co-workers (48) detected P-Akt in most cells
of the kidney, with apparent highest staining in collecting tubules and some cells of the
glomerular mesangium. In a more recent study, Nagai et al. (36) demonstrated nearly
identical glomerular localization of P-Akt as in our present study. The glomerular
localization of P-Akt is also in line with ir vitro evidence in glomerular epithelial (27)
and mesangial cells (36, 41). As discussed above, insulin- or high glucose-induced
activation of Akt has also been studied in cultured proximal tubular cells (35, 42). We did
not observe P-Akt immunoreactivity in this cell type in eithe11 ZL and ZO rats. This
finding does not preclude a pathophysiological role for Akt in the proximal tubule, but in

the present model P-Akt was below the detection limit of our method.
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Itis intriguiﬁg to speculate regarding the physiological or pathophysiological role
of Akt in the distal tubule. A recent study indicating that Akt acts as an important
regulator of epitheliai sodium channel (ENaC) activity (49) provides a possible clue.
Inhibition of the endogenous expression of Akt in thyroid cells expressing the channel
inhibited its activity and disrupted the stimulatory effect on ENaC of insulin. Conversely,
overexpression of Akt increased expression of ENaC at the cell membrane and overcame
the inhibitory effect of ENaC ubiquitination. ENaC is typically expressed in the distal
nephron, and' has been shown to be involved in the regulation of blood bressure (50).
Consequently, mﬁucﬁon of Akt in the hyperinsulinemic environment could contribute to
increased sodium reabsorption and development of hypertension in IR and DM2.

While activation of the PI3K-Akt-mTOR pathway has been associated with
deleterious consequences in the kidney (18, 26, 35, 44), Akt also mediates protective
signals, such as the eNOS Serl177 phosphorylation in response to a variety of
physiological stimuli (22, 23). This post-translational medification is a critical step for
NO production by the enzyme (22, 23). To our knowledge, renal eNOS phosphorylation
has not been studied in models of 1R and obesity. In ZO, P-eNOS expression was similar
to that in ZL despite higher plasma insulin levels and total eNOS. This phenomenon

suggests a defect in insulin-induced renal activation of the enzyme in this model, in
accord with previéusly documented endothelial dysfunction in ZO rats: (25).

1 summary, we Teport increases in renal Akt activity and mTOR phosphorylation
in ZO rats, corresponding to eléva;ed plasma insulin concentrations. In contrast, eNOS
phosphorylation was similar in ZO rats as in lean controls. These data suggest that renal

pro-growth insulin signaling mediated via the Akt-mTOR pathway is preserved in
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experimental DM2, while the potentially protective branch of insulin signaling, mediated
by eNOS, is blunted. This combination of signaling responses to hyperinsulinemia may

cofiti“ibﬁté“to”the“laterdevelopment“ofTenaI—glomerular~and—interstitial—lésionsobserved in

clinical and experimental DM2 and obesity.
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Figure 2. Renal cortical activity of Akt kinase, and protein expression of phospho-

Ser473-Akt and total Akt in 4-week and 12-week old Zucker lean (ZL) and Zupker obese
(ZO) rats.

(A) Renal cortical homogenates from ZL and ZO rats were immunoprecipitated (IP) with
an antibody raised against phospho-Ser473-Akt (P-Akt) and incubated with the Akt
substrate glycogen synthase kinase-3 (GSK-3) in the presence of ATP. Protein expression
of phosphorylated GSK-3 (P-GSK-3), as a measure of Akt”activity, was then measured

by western blot amalysis (IB). (B) Western blot analysis was used to determine

expression of P-Akt and total Akt, consisting of both phosphorylated (active) and non-
phosphorylated kinase. Actin expression is provided as a verification of equal lane-to-

lane loading. Representative blots are shown in insets. The results of densitometric
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analysis {(mean+SE) are presented as fold confrol (ZL). *p<0.05, 1p<0.01 vs. ZL of the

same age.

Figure 3. Renal cortical immunohistochemical localization of phosplio-Ser473-Akt (P-
Akt) in 12-week old Zucker lean (Panels A, C) and Zucker obese (Panels B, D) rats.

Formalin-fixed, paraffin-embedded kidneys were sectioned at 4 pm and incubated with a

o e i oniiacs,

~ primary antibody raised against P-Akt or with the same concentration of non-immune

mcuseIgG as-a control- (notv~sho-w1i).m--f-'17he¥primaty~r antibody-was -localized using the.-

peroxidase detection system and counterstaining with hematoxylin. (A and B) P-Akt
immunoreactivity was found in glomeruli (arrows), and in distal tubules (arrowheads).
Magnificatiors x100. (C and D) Detailed glomerular images showing immunostaining for

P-Akt in podocytes {arrows) and mesangial cells (arrowheads). Magnification x400.

Figure 4. Renal cortical expression of PTEN in 4-week and 12-week Zucker lean (ZL)
and Zucker obese (ZO) rats.

Western blot analysis (IB) was used to determine expression of PTEN, as described in
Methods. Actin expression was determined as a verification of equal lane-to-lane loading.
Representative blots are shown in insets. The results of densitometric analysis are

presented as fold cortrol (ZL).

Figure 5. Renal cortical protein expression of phospho-Ser2448-mTOR and total mTOR
in 12-week old Zucker lean (ZL) and Zucker obese (ZO) rats.

Western blot analysis (IB) was used to determine expression of phospho-Ser2448-mTOR
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(P-mTOR) and total mTOR, consisting of both phosphorylated (active) and non-
phosphorylated kinase, as described in Methods. Actin expression was determined as a
verification of equal lane-to-lane loading. Representative blots are shown in insets. The

results of densitometric analysis are presented as fold control (ZL). *p<0.05, 1p<0.01 vs.

ZL of the same age.

Figure 6. Renal cortical protein expression of phospho-Serl 177-eNOS and total eNOS in
12-week old Zucker lean (ZL) and Zucker obese (ZO) rats.

¢NOS phosphorylation and total eNOS protein expression were measured by western
blotting (IB), using primary antibodies against active eNOS, phosphorylated on Ser1177
(P-eNOS), .and total enzyme consisting of both phosphorylated and non-phosphorylated
protein. Actin expression was determined as a verification of equal lane-to-lane loading.

Representative blots are shown in insets. The results of densitometric analysis are

presented as fold control (ZL). *p<0.05 vs. ZL.

Figure 7. Effect of wortmannin on renal cortical Akt activity and mTOR expression in
Zucker lean (ZL) and Zucker obese (ZO) rats.

Twelve-week old ZL and ZO rats were acutely treated w1th wortmannin (WORT; 100
pg/kg, i.p.), an inhibitor of phosphatidylinositol 3 — kinase, or with DMSO as a vehicle
(VEH). (A) Renal cortical Akt activity was compared between VEH-tréatcd ZL and ZO
tats, to exclude the possibility that DMSO could per se influence Akt activity, (B) Effects
of WORT on Akt kinase activity in ZL (left panel) and ZO rats (right panel) as compared

to control VEH-treated counterparts. Akt kinase activity was determined by in vitro
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kinase assay. Tissue homogenates were immunoprecipitated (IP) with an antibody

recognizing phospho-Ser473-Akt (P-Akt) and incubated with the Akt substrate glycogen

synthase kinase-3 (GSK-3) in the presence of ATP. Expression of phosphorylated GSK-3
(P-GSK-3), as a measure of Akt activity, was then determined by western blot analysis

(IB). (C) mTOR phosphorylation and expression in VEH- and WORT-treated ZL (left

palnels) and ZO rats (right panels). Phospho-Ser2448-mTOR (P-mTOR) and total mTOR,

consisting of both phosphorylated (active) and non-phosphorylated” kinase, were

determined by IB. Actin expression was also measured as a verification of equal lane-to-—

lane loading. Representative blots are shown in insets. The results of densitometric
analysis (meantSE) are presented as fold control (VEH). {p<0.01 vs. VEH-treated

animals of the same age.
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Figure 6
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Table 1. Physical and metabolic

characteristics in ZL, and ZO rats.

B BWT RKW  RKW/BWT  Plasmalosuiin  BG TG FA
[e] [mg] [g/1000g BWT] [nmol/1] [mmol/1] [mmol/1] [ ol/1]
ZL-4weeks 5 1032 43313 4.240.1 0.40+0.04 4.0+0.1 0.620.1
[ ) - %
ZOdweeks 6 13167 | sl4x0f 40802 0.74+0.07 5.5:0.6* 1.4£0.11
ZL-12weeks 5 35849 1127446  3.1£0.1 0.48+0.09 5.320.1 0.920.1 0.4320.02
i :
zo-112 weeks 6 538251 | 1205+44f  2.440.1% 1.8120.19% 6.7+0.3% 4.2+0.4% 0.54+0,02%

BWT, body weight; RKW, right kiidney weight; RKW/BWT, right kidney to body weight ratio; BG, blood glucose; TG, setum
triglycerides; NEFA, non-ef.steriﬂeid fatty acids. *p<0.05; T p<0.01; } p<0.001 vs. ZL of the same age.
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ABSTRACT

Akt kinase regulates numerous cell functions including glucose metabolism, cell growth,

survival, protein synthesis, and control of local hemodynamics, mTOR is one of down-
stream effectors of Akt involved in initiation of protein translation. However, renal Akt
signaling in Type 1 diabetes (DM) in vivo, in particular in conditions reflecting

differences in metabolic control has received less attention. Renal cortical activity and

expression of Akt and mTOR (kinase assay, western blotting) were determined in

~ streptozotocin-diabetic rats (D) with different levels of glyceniic control, achieved by

varying insulin treatment, and in control rats with (C4) or without (C) chronic insulin
administration. Renal Akt activity was reduced in D rats without insulin treatment and
severe hyperglycemia (D-0), partially restored in moderately hype;glycemic rats (D-4),
and normalized in D rats with intensive insulin ‘and tight metabolic control (D-12).
Expression of active mTOR paralleled Akt activity in D-0, but not in D-4 and D-12 that
demonstrated increases in active mTOR as compared to C. Moreove‘;', insulin activated
renal Akt, but not mTOR in C4. In conclusion, glycemic control and:intensity of insulin
treatment are important modulators of renal Akt and mTOR activity in diabetes. While
Akt activity is reversible by tight metabolic control, combination of hﬁperglyoemia and
insulin treatment resulted in enhancement of mTOR activity. In addition to Akt, other

signaling pathways likely contribute to regulation 6f renal mTOR activity in diabetes:

Keywords: Akt kinase, diabetic nephrdpathy, insulin, mammalian target of rapamycin.

mTOR.

. INTRODUCTION

Akt/protein kinase B (Akt) has been implicated in regulation of a number of cell
functions including glucose uptake, glycogen synthesis, cell growth, survival, apoptosis,
protein synthesis, and endothelial nitric oxide production (Shiojima et al. 2002). Akt can

be activated by a wide variety of growth stimuli, such as growth factors and cytokines,

~ and represents an important intermediate in insulin signaling (Downward 1998). Akt

activation typically occurs via tyrosine kinase receptors such as receptors for insulin or
growth factors in an phospatidylinositol 3 - kinase (PI3K)-dependent manner (Downward
1998). Mamralian target of rapamycin (mTOR) is one of the down-stream targets of Akt
involved in regulation of protein synthesis. Upon insulin and growth factor:stimulation,
mTOR is phosphorylated (activated) by Akt (Scott ef al. 1998) and facilitates protein

translation through inhibitory phosphorylation eIF4E binding protein (4E-BP1)

/(Bhandari et al. 2001), a translation repressor. These events result in activation of the

translation of specific mRNA subpopulations.
B Renal hypertrophy, extracellular matrix accumulation, altered apoptosis as well as

well as changes in regional hemodynamics have been implicated in the pathophysiology

- of nephropathy in Type 1 diabetes (DM1) (Cooper 1998). Considering multiple functions

of Akt and mTOR, it is possible that alterations in activities of these molecules may play
a role in pathophysiology of diabetic nephropathy. Enhanced protein synthesis -may
contribute to the development of renal hypertrophy via enhanced extracellular matrix
accumulation, one of the key elements in the pathophysiology of diabetic nephropathy.

In DM1, the kidney is exposed to fluctuating levels of blood lglugog:_. and

exogenous insulin, administered as the major treatment of the disease. Although it has




been well established that both glucose and insulin, can modulate Akt activity in various

cell types and tissues (Dobrzynski et al. 2002; el-Remessy et al. 2005; Koq‘da et dl. :'2‘{')04;

" Laviola et al. 2001; Lee ef al. 2007; Mariappen et al. 2007: Sheu ef al. 2004), renal Akt
“signaling in DML in vivo, in particular in clinically relevant conditions reflecting
differences in metabolic control and insulin treatment, has received less attention. To

‘address this issue, we détermined Akt and mTOR activity and expression in renal cortex

of STZ-diabetic Tats at early stages of Hephropathy with different levels of glycemic

““control, achicved by varying insulin treatment, In addition, we also studied effects of

 chronic insulin administration on Akt and mTOR in non-diabetic rats.

'METHODS
- Diabetic rat model. -
" ‘Stodies 'were conducted in adult male Wistar rats (Anlab, Praguc Czech
~'Republic) with initial ‘weights ~ 270 g. The rats were made diabétic by intraperitoneal
injection of streptozotocin (Sigma, St. Louis, MO), 65 mg/kg body weight. Thrée days
later, induction of diabetes was confirméd by measurements of tail blood "giﬁ.’:ose (BG)
level using a reflectance meter (One Touch IT; Lifescan, Milpetas, CA). All ':ékﬁéﬁments
'were carried ‘out 'with the approval of, and in accordance with the regulations of, the
Institutional Animal Care and Use Committee of the Institute for Clinical and
 Experimental Medicine. The animals were housed with 2 light-dark cycle of 12 hours

“‘each;, and with free access to food (standard chow) and water.

Study design.

Diabetic rats were then randomized to receive no insulin treatment (seve;g:ly

' diabetic rats, DM-0, n=6), 41U of insulin/day (Insulatard, Novo Nordisk, Copenhagen,

. Denmark) to achieve  moderate hyperglycemia (DM-4, n=6), or 12IU of Ejpgu]ip{day

(diabetic rats on intensive insulin treatment, DM-12, n=6), to acl‘:lieve‘tightk mg@boﬁc
control. Age-matched non-diabetic rats served as controls (C, ‘n=8).“ In ’adglil':ion, non-
diabetic rats treated. with 4 TU of insulin/day (C4, n=5) were also studied. After 4 weeks
of diabetes, the rats were sacrificed, and the blood was co]]ectedr-fo(r determmatlons of
‘blood glucose (BG) and plasma insulin levels. The kidneys were quickly ;gp::lgved on :ice,
divided into cortical and medullary portions, homogenized in lysis buffer as pr(?v,iPPSIy

described (Komers et al. 2007). Aliquotes were frozen in liquid nitrogen and stored in -

- 70°C, Total protein concentration in each sample was determim edbyBCAanalyms

~ (Pierce BiotechnOJOgy,,Inc. Rockford, IL).

Akt kinase assay.

The homogenates (300ug) were analyzed using Akt kinase activity assay kit (Cell
Signaling, MA) according to the manufacturer’s instructions. In brief, ;en\_al}cp;;ica]
homogenates described above (300 pug) were jmmunoprecipitated with immobilized anti-

- phospho-Akt antibody and incubated with the Akt subsu'at;q,.GSI{ifS mthe presence of
ATP. Protein expression of phosphorylated GSK-3, as a measure of A‘kt activity, was
then determined by western blotting using the anti-phospho-GSK-3 antibgd)rzt' o
Immunecblot analysis. o

-Equal amounts of protein of each sample were apalyzed by westem_!:lotﬁng and

visualized as previously described (Komers et al. 2007) using pnmary antlbodlcs ralsed



against phospho-Seﬁne—473—Akt'(P-Ser4'fr'3iAkt,‘ 1:500; Cell Signaling, Beverly, MA) or

phospho-Serine-2448-mTOR (P-Ser2448-mTOR, 1:500; Céll Signaling). Following' the

dei‘bctiom*ofrphosphoiproteins;“tota}—Aktand”tota}*mTGRmroteins ~were - detected - on
“stripped membranes. To determine equality of loading, membranes were restripped and

" reprobed for actin (Santa Cruz, Santa Cruz, CA).

Analyﬁcal metﬁ;)ndus: P

"Serum insulin _concefitrations were measured usinig a raf insulin’ RIA: kit (Ameréham .

" Biosciences, Piscataway, NJ).

 Statistical analysis.
Data are expressed as mean + SEM. All analyses Were performed by analysis of variance
(ANOVA) followed by the Scheffé test. A p value of less than 0.05 was viewed as

statistically significant.

RESULTS
"Physical ind’ metabolic parameters in control and- diabetic ‘rats reflected
approximately differences in metabolic control (Table 1). DM-0 and’ demonstrated
reduced weight gain, as compared to control animals and diabetic rats with insulin
treatment. Body weights in DM-4 rats were greater than in DM-0 rats, but lower than in
DM-12. All groups of diabetic rats demonstrated renal hypertrophy assessed both by
kidney weight and kidney to body weight ratios. Renal hypertrophy was most prominent

in DM-0 that demonstrated higher kidney/body weight ratios as compared to diabetic rats

with insulin treatments, All groiips of diabetic rats had higher BG ‘as compared to control

animals, and there were also significant differences in BG between the groups of diabetic
rats, consistent with intensity of insulin treatment. DM-0 rats had markediy lonrer piasma
insulin levels than other groups of rats. In DM-4, plasma insulin was not different from
controls, whereas the DM-12 rats demonstrated significant hyperinsulinemia, Connol rats
receiving 41U of insulin displayed no statistically significant differences in physrca] and
metabolic parameters when compared to control animals. Plasma msu]m levels in C4
were higher than in untreated control animals, although this difference did not reach
statistical significance.

There were marked decreases in P-Ser473-Akt expression in DM-0 rats, lacking

. insulin treatment (Fig.1, Panel A). Treatment with suboptima] insulin in DM—4 resulted in

.~ partial restoration of Akt phosphorylation, whereas DM-12 rats demonstrated s1m11ar

expression of. P-Serd73-Akt as controls (Fig. 1 Panel A) Both treatments w1th
suboptimal (DM-4) and mtensrve msulm (DM-12) reg:men were assoc1ated w1th
increases in Akt phosphorylanon compared to DM-O However, there was no statlstlcal
difference in P-Ser473-Akt expression between the DM-4 and DM-12 rats desplte
. substantial differences in insulin dose. Expression of total Akt protem consmtmg of both
" active and inactive kinase, did not differ between groups (Fig. 1, Panel A). Sn:mlar to
analysis of P-Ser473-Akt expression, in vitro kinase assay revealed sugmﬁcant reductlon
in Akt kinase activity in DM-0 as compared to both control (F1g 1, Panel B) and D—12
rats, partial restoration of Akt activity in DM-4 and similar Akt actwrty in DM-12 as in
controls. . o

Tn DM-0, mTOR. phosphorylation was reduced as compared to oontrol ammals

(Fig. 2).In comrast to DM-0, P-Ser2448-mTOR expressron in DM-4 and DM-12 rats was



higher than in control animals (p<0.05). Total mTOR expression was not, in diabetic rats,

different from controls (Fig. 2).

Administration 6f insulin to norrnal rats was associated with increased expression
of P-Ser473-Akt (Fig. 3 Panel A). Expression of total Akt protein did not change. Tn
contrast to Akt, expressions of P-Ser2448-mTOR, as well as total mTOR protein, were

imilar in control and C4 rats (Fig.3, Panel B).

DISCUSSION
In the present studies renal Akt and mTOR activity and expression were measured
in diabetic rats with different levels of métabolic control achieved by ‘complete lack or

different doses of exogenous irisulin. Diabetic rats with severe hyperglycemia; no insalin

u'eatmcnt,-aﬁd markedly reduced p]asm;'i:ins'ul‘in levels, demonstrated marked reductions

in renal cortical Akt kinasé acﬁvit)"v‘."‘Akt'éétivity ‘was partially restored in moderately

hyperglycemic diabetic rats treated with suboptimal dose of ‘insiilin; and completely

normalized in diabetic rats with intensive inisulin trestment and the best:glycemic control.

In addition, non-diabetic rats treated with insulini that ‘achieved similar plasma- insulin

levels as modérately hyperglycemic diabetic rats. displayed marked: inereases in® Akt

phoSphdrylatibh as compared to control animals without insulin treatment.” '

The two majdr compo'nenté of diai:eﬁcimetaboﬁc milieu that have been modulated
in thjs‘study, ie. glucose and insulin, have been previously shown to'strongly influence

Akt activities in various cell types and tissues (Dobrzynski et al. 2002; el-Remessy et al.

2005; Kondo et al. 2004; Laviola ef al. 2001; Lee éf al. 2007; Mariappan et al. 2007;

Sheu et al. 2004). In accord, presentobservamonsmmcate “that ‘metabolic control is an

important factor in the control of renal cortical Akt activity in diabetes. Akt activity in

diabetic rats reflected variations in BG levels and intensity of insulin treatment.

+ Corresponding to our observations in DM-0 rats, diabetes/hyperglycemia-induced

reductions in Akt activity have been reported in murine retinal endothelial cells (Kondo
et al. 2004), and in rat myocardium (Dobrzynski et al. 2002; Laviola et al. 2001).

Considering established pathways of Akt activation, one of plausible explanations for

* reduced Akt activity in DM-0 is absolute lack of insulin. Indeed, Akt activity determined

both as éxpression of P-Ser473-Akt and by kinase assay paralleled plasma insulin levels

~-in diabetic;i'ats';---- e

Furthermore, hyperglycemia could also contribute. High glucose has been shown

" to be associated with reduced ability of Akt to be activated by known agonists in the

skeletal muscle and endothelial cells (el-Remessy et al. 2005; Kondo et al. 2004; Krock

et al.-1997). Indeed, similar phenomenon was observed in the present study, The same

dose of insulin that only partially restored Akt activity in DM-4 rats, resulted in a
significant increase in Akt phosphorylation in non-diabetic, normoglycemic animals, The
ability of insulin to markedly enhance Akt phosphorylation in normal rats, as opposed to
mere restoration of P-Akt expression in diabetic rats with insulin treatment . that
demonstrated similar, or in case of DM-12, even higher plasma insulin levels, suggests
some degree of resistance to insulin actions in the diabetic kidney.

Interestingly, studies focusing on alterations of renal Akt signaling in the diabetic
kidney and in renal cells in vitro exposed to high glucoSe have so far provided conflicting
evidence. Our observations are in accord with a report by Lin et al. (Lin et al. 2006)

showing markedly lower phospho-Akt expression in mesangial cells exposed to high

-glucose in-conjunction with enhanced apoptosis. In contrast, growth hormone-induced

'Akt activation in STZ-diabetic rats was enhanced as compared to control animais
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(Thirone et al. 2002). Other studies have reported rapid glucose-induced Akt
" phosphorylation in murine and rat mesangial cells (Sheu et al. 2004), proximal tubular

cells(Mariappan et.al. 2007), glomerular epithelial cells, and enhanced renal Akt activity

- in STZ-diabetes in vivo (Lee et al. 2007).

* 'We can only speculate about the explanation for disparate findings in the present

~-studies and the above discussed evidence. Time factor may be important. For example,

‘high-glucose-induced Akt phosphorylation-in-proximal - tubular-cells (Mariappan et al.

2007) was detectable up to 15 minutes, but returned to baseline after 30 minutes of

- exposure to high glucose. In vivo, renal cortical Akt activation was. detected in diabetic
rats early (3-4 days) after induction of diabetes (Lee et al. 2007). In the present studies,
the kidneys weére analyzed 4 weeks after induction of diabetes. These differences in study
" designs indicate that present findings are not necessarily in disagreement with the above
discussed ' renal evidence. High-glucose activation of Akt may be a. phenomenon
* characteristic for acute phase of hyperglycemia/diabetes. -

~ QOutof large number of down-stream targets of Akt, mTOR was chosen for its role
"in initiation of protein translation (Kasinath et al. 2006; Scott et al. 1998) and possible
involvement in enhanced renal prodpction of ECM proteins (Senthil et al.- 2003). In DM-
0 rats, phosphorylation status of mTOR paralleled observed changes in indices
' characterizing Akt activity. However, diabetic rats with suboptimal and intensive insulin
treatment demonstrated - increases in mTOR phosphorylation as compared to . control
K ‘aliimals, and an opposite trend compared with DM-0. Moreover, in contrast to insulin-
" treated diabetic’animals, there were no increases in mTOR phosphorylation in non-

diabetic rats receiving insulin, at a dose:sufficient to markedly activated Akt..These

- findings combined-suggest that both. hyperglycemia and insulin are required for renal

11

mTOR activation in diabetes. In vitro, both high glucose and insulin have been recently
shown to have ability to activate mTOR in murine proximal tubular cells, although the
additive effect of glucose and insulin has not been reported (Mariappan et al. 2007).
Kidney/body weight ratios were markedly elevated in all groups of diabetic rats,
although renal hypertrophy was attenuated by imsulin treatment. This phenomenon
indicates that sigm;l]iﬁg pathways leading to renal hypertrophy in severely. d1abet1c rats

lacking insulin treatment and in diabetic rats with moderate or mild hyperglycemia and

_ .insulin treatment may differ. Furthermore, mTOR phosphorylation did not parallel

- observed pattern of Akt activity in diabetic rats suggesting that in addition to Akt, some

other signaling pathways contribute to activation of this molecule in diabetes. Indeed,
Akt-independent paﬁ:nways leading to mTOR phosphorylation have been recently
suggested. S6 kinase 1 (S6K1) has been identified as direct mTOR Xkinase (Holz et al.
2005) acting down-stream from protein kinase C. Moreover, high-glucose-induced
suppression of AMP-activated protein kinase, a natural inhibitor of mTOR activation,
appears to be also operative in glomerular epithelial cells (Lee et al. 2007).

At this stage, it is impossible to determine the significance of alterations in renal
Akt signaling for the development of kidney disease in Type 1 diabetes: Theoretically,
Akt may be involved in both protective signaling in the kidney (Shicjima et al. 2002), as
well as mediate del&eﬁous effects, such as renal hypertrophy. In contrast, mTOR
activation seems to play, in accordance with its assumed role in enhm@ production of
ECM in the diabetic liidney, a role in the pathophysiology. of diabetic nephropathy.
Indeed, recent experimental study have demonstrated nephroprotective actions of long-

term mTOR inhibition with rapamycin (Lloberas et al. 2006).
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In summary, diabetic rats with severe hyperglycemia, lack of insulin treatment

- and'low plasma insulin levels, demonstrated reduced renal cortical Akt activity. This

phenomenon' was reversible by tight metabolic control. Expression of active mTOR one
of down:stream effectors of Akt, was ‘also reduced in severely -diabétic animals.
" However, combination of hyperglycemia and insulin ‘treafisient resulted in increased

- mTOR phosphiorylation. Chronic administration of insulin in normal rats lead to Akt, but

" not mTOR ‘adtivatiori. These obsérvations show that glycemic control and intensity of

" insulintreatment are important modulators of renal Akt and mTOR-activity in diabetes
-and suggest that, in addition to Akt, other signaling pathways contribute to renal mTOR

activity indiabetes, 0
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Figure legends.

Figure—1.-Renal cortical protein-expression and activiey of Akt kinasé in control and
diabetic rats.
A. P-Ser473-Akt (active) and total Akt in renal cortical homogenates. harvested from

control animals, diabetic rats without insulin treatment (DM-0), and diabetic rats treated

with 4 TO(DM-4) and 12 TU (DM-12) ‘of insulin- as described in Methods: The data: are

presented as. Akt/actin:ratios.-Representative blots-are-shown-in the upper-inset-B:-Renal - ———

cortical Akt activity in control and diabetic rats determined by in vitro kinase assay using
GSK-3 as a substrate. A representativé blot of phospho-GSK-3 is shown in the upper
panel. *p<0.05 vs. control; Tp<0.01 vs. control; £p<0.05 vs. DM-0; §<0.01 vs. DM-0;

n<0.05 vs. DM-4.

Figure 2. Renal cortical protein expression of mTOR in control and diabetic rats.

P-Ser2448-mTOR (active) and total mTOR in renal cortical homogenates harvested from
control animals, diabetic rats without insulin treatment (DM-0), and diabetic rats treated
with 4 JTU (DM-4) and 12 TU (DM-12) of insulin as described in Methods. The data are
presented as mTOR/actin ratios. Representative blots are shown in the upper inset.

*p<0.05 vs. control; Tp<0.01 vs. control; §<0.01 vs. DM-0;

Figure 3. Effects of insulin on Akt and mTOR in normal rats.
Expression of P-Ser473-Akt (active) and total Akt (Panel A), and P-Ser2448-mTOR

(active) and total mTOR (Panel B) in renal cortical homogenates harvested from control

animals, and non-diabetic animals treated with 4 IU of insulin was deter;ﬁined by western
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blotting. The data are presented as Akt/actin and mTOR/actin ratios. Representative

blots are shown in the upper inset. $p<0.001 vs. control
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characteristics in and control and diabetic rats.

sTZ0 STZ4 STZ12

control

IP: Akt
IB: P-GSK-

n BWT RKW RKW/ plasma insulin BG
[g] [mg] 100g BWT [nmol/1]. [mmol/]
Control 6 335410 1082622 0.33+0.01 1.0340.14 5.420.1
1_5M~0 6 270+ 11b 1338250 0.50£0.01b 0.1540.03b 22.0+1.0b
DM-4 6 m%éad 1158£20¢  0.3820.01bd  1.4210.12d 13.4x1.5bd
DM-12 6 3431{ de | 12684365 0.37:001bd  18240212d 8.120.4bde
C4 5 345¢3i 1056£32  0.3320.01 1.4110.14 5.040.8

BWT, body weight; RKW, r;ight kid

ney weight; BG, blood glucose.

2p<0.05, Pp<0.01 vs. Control; €p<0.05, 4p<0.01 vs. DM-0; €p<0.05 vs, DM-4,
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 Renal cydlooxygensse-2 in obese Zucker (fatty) rats.

Background. Cyclooxygenase {COX) isoforms, COX-1 and
COX-2, are involved in producuou of prostanoids i in the kid-

in the pathophysiology of progressive renal injury; including
type 1 diabetes. Thromboxane A; (TxA;) has been suggested
as the key mediator of these effects resulting in up-regulation of
prosclerotic cytokines and extracelular matrix proteins. Unlike

_type 1 diabetes, renat COX has not been studied in models of

type 2 diabetes.

Methods. Renal cortical COX protein expression, and
excretion of stable metabolites of prostaglandin E; (PGE;) and
TxA,, in association with metabolic parameters, were deter-
mined in 4-and;12-week-old Zucker fatty rats (fa/fa rat) (ZDF4
and ZDF12}), a model of type 2 diabetes, and in age-matched
littermates with no metabohc defect (Zucker lean) (Z14 and
ZL12) C

* Resulis. ' Western blottirig revealed increased COX-2 expres-
sion in ZDF4ascompared to ZLA (245 £:130%)(P < 0.05). This
increase in COX-2 waseven more apparentin 12-week-old ZDF
rats (6502 120%).(P < 0.01). All groups of rats demonstrated

COX-2positive cells in typical cortical localizations [macula

densa, thick ascendmg loop of Henle (TALH))]. In contrast to
COX-2, COX-1 expression was 30% lower in ZDF12. These

* changes in COX expreéssion were associated with enhanced uri-

nary excretion of prostanoids, in parallel with the development
of metabolic abnormalities. Moreover, increases in prostanoid

‘excretion in ZDF12 were in'part reduced by wortmannin (100

pg/kg), used as inhibitor of insulin signaling.
Conclusion. Renal ‘cortical COX-2 protein expression and

function were increased in ZDF rats, as compared to controls,
- whereas COX-1 exhibited opposite regulation. The changes in

COX-2 para]leled metabolic abnormalities, and were at least in
part a four consequence of hyperinsutinemia. These abnormal-

ities may play'a role in renal pal.hophymology in this model of

type 2 dmbetes. o

The role of cyclooxygenase (COX) metabolites of

' aracmdomc ac:d in the development of renal alterations,

Key words. Zucker rat, diabetic nephropathy, cyclooxygenase-2, hyper-
msuhnemm th.rombomne A2. ype

. :Reoewed for publmatu)n March 24 2004

and in revised form November 11, 2004 and December 20, 2004

Accepted for pubhcatm January 20, 2005

© 2005 by the Intéinational Society of Nephrology

an

and in the pathogenesis of diabetic nephropathy in type 1
diabetes, has been suggested in a number of clinical stud-
ies [1-3], as well as in experimental models of diabetes
[4-9).

Two isoforms of COX have been 1dent1ﬁed, COX-l and
COX-2. COX-1is constitutively expressed in most tissues
and perfonns housekeeping functions in the vascular sys-
tem. In the normal adult ludney, COX-1 has been local-
ized to arteries and arterioles, glomeruli, and collectmg
ducts[10,11]. In contrast, COX-2 operates as an inducible
enzyme with low or undetectable levels in most tissues,
and its expression can be markedly increased by a number
of inflammatory, mitogenic, and physical stimuli [12, 13].
Although considered to be an inducible enzyme, COX-2
is constitutively expressed in occasional renal cells of the
thick ascending loop of Henle (TALH) and in the region

.of the macula densa of the rat kidney, and in podocytes

in the human kidney [11, 14, 15].

Increased COX-2 expression and actmty has been de-
scribed in several models of progressive renal dJsease, in-
cluding models of type 1 diabetes [8, 9]. Long-term studies
have demonstrated beneficial effects of sélective COX-2
inhibitors in these experimental conditions on the devel-

_ opment of proteinuria and renal structural damage [8,

16, 17] [abstract, Komers R, J Am Soc Nephrol 13:166A,
2002]. These renoprotective effects could be attributable
to inhibition of thromboxane A; (TxAy) productlon and
consequent beneficial effects on mRNA expression of
transforming growth t‘actor—B (TGF-B), and molecular
markers of glomerular injury, such as type 11 type IV col-
lagen [8, 17}. Consequently, COX-2-derived metabolites
are likely to play a role in the development of dlabetlc
nephropathy.

Nephropathy is also a major problem in type 2 diabetes

. [18]. Various animal models have been reported that
could help to elucidate the pathophysiology of nephropa-

thy in type 2 diabetes [19]. One such model is the

- Zucker diabetic fatty rat (fa/fa) (ZDF) [20]. These rats are

metabolically well characterized: an autosomal-recessive
mutation of the fa gene, encoding the leptin receptor,
results in hyperphagia, obesity, and hyperhpldenma [21]).
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Similar to patients with type 2 diabetes, ZDF rats display
insulin resistance, hyperinsulinemia, and impaired giu-
cose tolerance, and slowly progresswe increases in blood
glucose levels [22].

ZDF rats develop progresswe albummuna and

glomerulosclerosis later in the course of nephropathy

Immunoblotting and immunohistochemistry

The rats were sacrificed with cervical dislocation and

-the blood was collected into chilled tubes for determi-

nations of glucose levels and plasma insulin concentra-
tions. After collection of blood samples, the kidneys were

[23]. However, unlike the streptozotocin (STZ) diabetic

rats, renal COX-2 expression and function have not been
studied in models of type 2 diabetes.
To address this issue, we determined renal protein ex-

pression, locahzauon, and regulation of COX-2, together _

with expresmon of COX-1, in 4- and 12-week-old ZDF
fa/fa rats and in age-matched control Zucker lean rats
. (ZL) that do not develop the diabetic phenotype.

METHODS

-exposed via midabdominal incision, femoveéd, decapsu-

lated, divided into cortical and medullary portions, and
snap frozen in liquid nitrogen for Western blot analysis.

. 'The half of the left kidney was immersed in 10% formalin

for immunohistochemistry.

~ To obtain whole cell homogenateg kidney cortices

were homogenized in RTPA buffer containing 50 mmol/L
Tiis, 150 mmol/L NaCl, 0.5% sodium deoxycholate, 0.1%
sadium dodecyl sulfate. (SDS), and 1.0% Triton X-100,

'~ and protease inhibitors (leupeptin 20 pg/mL. and benza-
.. midine 20 ug/mL) and centrifuged at 12000 x g for 30

* ZL and ZDF rat were obtamed from Charles R1ver -

(Su]zfeld ‘Germany). Renal cortical éxpression of COX
J lsoforms, lmmunohxstochemxml localization - of COX-
2, and uripary excretion of stable -metabolites 'of
prostaglandin B> (PGEz) and TxAs, together ‘with
_ metabolic and renal parameters were studied in six male
ZDF rats at the ages of 4 and 12 weeks, and in six age-
matched ZL rats as controls.
. To fturther” explore possible role of hyperinsuline-
'mia in Tegulation of renal ¢ortical COX-2 in ZDF rats,
additional groups of 12-week-old ZDF and ZL were
* administered with intraperitoneal injection of the phos-
‘phatldyl inositol-3-kinase (PI3K) inhibitor wortmannin
.[24][100 pg/kg body weight in 15% dimethyl sulfoxide
_(DMSO)] (Cell Signaling Technology, Inc., Beveﬂy, MA,
USA) or with vehicle (15% DMSQ). Imniediately af-

ter wortmannin or vehicle administration, the rats (N =

5 in each group) were placed int6é metabolic cages
to obtam timed urine samples for analysis of ufinary
_ excietion of PGE; and TxB;. General physical and
" metabolic parameters were measured in separate groups
of wortmannin-or vehicle-treated ZL and ZDF (N = 5
in each group), sacrificed 90 minutes after injection. In
_ previous in vivo studies condictéd by Gao et al [25],
" substantially lower dose of wortmannin (15 pg/kg body
weight) injected intravenously blocked insulin-induced
‘increases in Akt activity, and inhibited beneficial effects
'of insulin on apoptosis in a rat model of myocardlal
infarction,

All expenments were carried out with the approval
of, and in accordance with the regulations of, the Insti-
~ tutional Animal Care and Use Committee of the Insti-

tute for Clinical and Expenmental Medlcme. The annna]s
—were-housed wi 0 h

with free aceess to food (standard chow) and water The
blood and tissues were harvested Without prewous food
restriction,

‘minutes-at 4°C:-The resulting supernatant'was ahquoted*

andsaved at —70°C until analysis. Total protein content in
fractions was determined by BCA analyms (Plerce Chem—
ical Co., Rockford, IL, USA).

Immunoblotting ‘was performed * as prewously de-
scribed {9). In brief, denatured proteins were separated
through an SDS-polyacrylamide gel and transferred to

rpolyvmyhdme diftuoride (PVDF) membranes (Bio-Rad
Laboratories, Hercules, CA, USA). Membranes were

washed and then blocked overnight with Tris-buffered
saline, plus 0.05% Tween-20 (TBS-T) contammg 5%
nonfat dry milk. Following blocking, membranes were

. 'again washed, and incubated overnight with rabbit-poly-

clonal antimurine COX-2 or COX-1 antisera (Cayman
Chemical, Ann Arbor, MI, USA) diluted 1:800 in TBS-
T. Immunodetection was accomplished 'by -mcubating
membranes with a.goat antirabbit-IgG secondary an-

tibody conjugated with horseradish peroxidase (HRP)
for 45 minutes (1:100,000) (Pierce’ Chemical Co.) in

TBS-T containing 5% nonfat dry milk. Visualization
was performed with enhanced chémituminiscence (ECL)

. ‘Western-blotting kit .(Supersignal West. Dura) (Pierce

Chemical Co.) according to the manufacturer’s instruc-

tions. Resultant films (Eastman Kodak Co., Rochester,
- Ny, USA) (Scientific Imaging Systems, New Haven, CT,
'USA) were scanned using a flatbed scanner and images -

analyzed with NJH Image software. The membranes were
then stripped, reblocked, and reincubated for 1 hour at
room temperature with goat antiactin antibody (Santa

. Cruz Biotechnology, Santa Cruz, CA, USA), followed by -

45-minute incubation with antigoat-IgG secondary anti-
body conjugated with HRP (1:4000) (Santa Cruz Biotech-
nology), and reaction with ECL ‘as described above.

For unmunohmtochemmal analysm, the fixed Iudneys

iously described [9). The fixed

hdneyhalves Were . deydrated thirough & graded se-
ries of ethanols, embedded in paraffin, sectioned at 4
pm thickness; and placed onto glass. slides. The same
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Table 1. Physical and renal characteristics in 4-week-old and 12-weck-old lean Zucker (ZL}) and fatty diabetic Zucker (ZDF) rats

Right kidney Right kidney weight/100 g Creatinine Urinary protein
Number Body weight g weight g body weight i excretion pg/min
ZL 4 weeks 5 1032 0.43 £ 0.01 0.42 + 0.01 ND ND
ZDF 4 weeks 6 131+ 6 0.51 +0.01° 0.40 + 0.02 ND ND
ZL 12 weeks 5 35849 113+ 0.05 031 + 001 0.93+0.13 56409
ZDF 12 weeks 6 538 4-25P 1.30 & 0.04P 0.24 - 0.01F 0921010 136 £ 3.0¢

*P < 0.01;°P < 0.001 v& ZL of the same age; °P < 0.05.

antibody as described above was used for immunohis-
tochemical detection of COX-2 in ZDF and ZL rats. Sec-
tions were deparaffinized, and pretreated by steaming in
10% Citra buffer (BioGenex, San Ramon, CA, USA).

* After blocking, the slides were incubated overnight at

4°C with primary antibody (diluted 1:100) or with the
same concentration of nonimmune mouse IgG as a con-

" trol. Endogenous peroxidase activity was blocked ‘with
3% H30; solution in methanol. The primary antibody

was localized using the Vectastain ABC-Elite peroxidase
detection system {Vector Laboratories, Burlingame, CA,
USA). This was followed by reaction with diaminoben-
zidine (DAB) as chromogen and counterstaining with
hemnatoxylin (Sigma Chemical Co., St. Louis, MO, USA).

. Sections of each diabetic kidney were procesed in par-

allel with appropriate control tissue.

Urinary excretion of COX metabolites

. Within 5 days prior to sacrifice, the 12-week-old ZL
and ZDF rats, and 12-week-old wortmannin- or vehicle-
treated ZL and ZDF rats underwent timed urine col-

-, lections in metabolic cages with free access to food and
- water. The urine was collected in volumetric tubes im-

mersed in a mixture of ice and dry ice. After completion
of collections, the urine was immediately stored at —70°C
and kept frozen until further analysis. Urinary PGE; and
its metabolites, and urinary concentrations of TxB,, asta-
ble metabolite of TxA., were analyzed using enzyme im-
munoassay (EIA) (Cayman Chemicals, Ann Arbor, MI,
USA) according to the manufacturer’s instructions.

Analytical methods

. Blood glucose levels were measured by the ghicose
oxidase assay (Pliva-Lachema, Czech Republic). Serum

- insulin concentrations were measured using a rat in-
-+ sulin RIA kit (Amersham Biosciences, Piscataway, NJ,

USA). Serum triglyceride concentrations were deter-
mined by standard enzymatic methods (Pliva-Lachema),
and serum nonesterified fatty acids (NEFA) were mea-

- -sured _using - an_acyl-coenzymeA oxidase-based col-

-orimetric kit -(Roche. Diagnostics, Basel, Switzerland).
Plasma and urinary creatinine were measured using com-
mercially available kit (Pliva-Lachema). Urinary pro-

tein concentrations were measured spectrophotometri-
cally after reaction with perchloric acid (Pliva-Lachema).

Statistical analysis

Data are expressed as mean + SEM Al analyses were
perforined by analysis of variance (ANOVA) followed by
the Scheffé test. Differences in responses to treatments
between control and diabetic rats were tested by two-
way repeated measures ANOVA, using Statview SE and
Graphics software (Brainpower, Calabasas, CA, USA).
A P value of less than 0.05 was viewed as statistically
significant. ‘

RESULTS

General physical, renal, and metabolic paramelers
in ZL and ZDF rats

General physical and renal parameters in ZI and ZDF
rats are summarized in Table 1. ZDF rats demonstrated
increased body and renal weight gain, although the kid-
ney/body weight ratio was not different in 4-week-old
ZL and ZDF, and even decreased in 12-week-old ZDF
as compared to ZL of the same ape. There were no dif-
ferences in creatinine clearance between the 12—week—old
Z1. and ZDF groups.

However, urinary protem excretion was s]:ghtly but
significantly increased in 12-week-old ZDF: rats com-
pared with ZIL..

Metabolic parameters in 4- and 12-week-old rats are
shown in Table 2. ZDF rats demonstrated progr&sswe in-
creases in plasma insulin concentrations in parallel with
increased serum triglyercide and NEFA concentrations.
Blood giucose levels were slightly but significantly in-
creased in both age groups of ZDF as compared to ZL.

Protein expression of COX isoforms and
prostanoid excretion

As shown in Figure 1A, ZDF rats demonstrated in-
creases in renal cortical COX-2 protem expression as
compared to ZI, rats. The difference in COX-2 expres—
sion between the ZL and ZDF groups was more promi-
nent with increasing age. In all groups of rats, immunore-
active COX-2 was localized in typical localizations in
macula densa cells, and in the TALH. In ZI, COX-2
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Table 2 Metzbolic characteristics in lean Zucker (ZL) and fatty diabetic Zucker (ZDF) rats

. L Blood Nonesterified fat
Plasma insulin nmol/L glucose mmol/L Triglyceride mmol/L acids mmol/L v
. [omol/L] mmol/IL, mmol/1|
Z1 dweeks 0.40+ 0.04 [40 + 0.11 EI).G + 0.1] [mﬁ%lﬂ.]
ZDF 4 weeks 0,74+ 0.07* 55+ 06h 143012 ND
ZL 12 weeks 04810.69 53x01 0901 043 £0.02
ZDF 12 weeks 181 £0.19¢ 6.7+ 0.3 4204 0.54 + 0.0‘2,"

2P < 0.01; 5P <0.05; ¢P < 0.001 vs. ZL of the same age.

lower than in their age-métched ZL couhterpai’ts (P <
0.05). L R
To assess the impact of observed changes in pr.ot‘ein“ex-

-~ pression of renal COX isoforms on production of COX-

“'derived metabolites, further studies determined urinary
excretion of PGE; and TxB;, a stable metabolite of TxAz,

' 'in 12-week-old rats. Urinary excretiggwq_fwhgrthmg_tgbg:

A .- :8_ . ",
- ,g,.m_..mz..‘,_ - - S
3¢
. 4 l
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Zl4  7DF4 7112 . ZDF12

COX-1i protein expression,
fold control
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Zl4  ZDF4 Zi12 . ZDF12

Fig, L Rensl cortical cycdooxygenase (COX)-2 and COX-1 expression
in Zucker lean (Z1) and fatty disbetic rats (ZD¥). { 4) Increased COX-
2 €xpression was apparent already in 4week-old ZDF rats (ZDF4) and
further increased in 12-week-old ZDF rats (ZDF12) a8 compared to
age-matchedlean coumterparts (Z14 and Z1.12). The upper panelsshow
representative blots. (B) There were no significant differences in COX-
1 expression between the 4-week-old ZDF and ZL rats In contrast;
COX-1 expression was lower in 12-week-old ZDF rats as compared to

age-matched lean counterparts. The insets show representative blots.

*P<0.05vs. ZL; tP <00l vs ZL. -

. immunoreactivity in both locations was found in occa-

sional cells, whereas ZDF rats demonstrated clusters of

COX-2-pusitivecells (Fig-2). Incontrast 1o COX-2; the
- 'were no significant differences in COX-1 expression be-

tween ZL and ZDF rats at age 4 weeks (Fig. 1B). More- -

over,-in 12-week-old ZDF rats, COX-1 expression was

. exgretion

*. lites -was. increased in ZDF as compared to ZL rats

-(Hg3)-l S

Acute effects of wortmanni onPGE; and TxB;

. Further experiments focused on the possible role of

hyperinsulinemia in modulation of COX activity in ZDF |
rats. Additional groups of 12-week-old ZL and ZDF -

rats were administered with wortmannin or with vehicle.
Wortmannin acts as an inhibitor of PI3K, an important
intermediate in insulin signaling [26]. The différences in
physical and metabolic parameters between the vehicle-
tréated ZL and ZDF rats (Table 3) as well as the differ-
ences in PGE; and TxB; excretion (Fig. 4) between the
vehicle-treated Z1. and ZDF rats were similar as in the
previous protecol. Wortmannin had no effect on these
parameters in ZL. In contrast, wortmannin-treated ZDF
rats demonstrated significantly lower TxB; excretion and
a similar trend in PGE; excretion (Fig. 4), as compared
to their vehicle-treated counterparts. These changes were

.. associated with an increase in plasma triglyceride and a

decrease in NEFA concentrations (Table 3).

DISCUSSION

In the present studies, ZDF rats, studied as a model
of type 2 diabetes, demonstrated a progressive increase
in COX-2 expression in the renal cortex as compared to
'leap controls. In contrast to COX-2, COX-1 expression '
was$ lower in 12-week-old ZDF. These chanpes in expres-
sion of COX isoforms in ZDF rats were associated with
increased urinary excretion of both PGE and TxB,, de-

termined as a stable metabolite of TxA,. The changes in
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onand dctivily of COX isoformsin ZDFralswere —

assoclatedw:th rmetabolic abnormalities characteristic of
‘the insulin-resistant state, increased kidney weight, and

- mild proteinuria; however, the kidney/body weight ratio

Fig. 2 Renal coxtical immunohistochemical localization of cyclooxy-
genise (COX)-2 in Zucker lean (ZL) () and fatty dinbetic rats (ZDF)
(C). Representative iniages in 12-week-old rats are shown. Both inZL
. and ZDF rats, COX-2 was localized in the cells of macula densa and
. in thin ascending limb of Henle (TALH) (arrows, 200x). (B and D)
Control adjacent sections incubated with nonimmune IgG. :

in 12-week-old animals was lower than in lean controls
due to marked obesity.

~_Our present findings demonstrate another model of ’

progressive renal injury that is associated with increased
cortical COX-2 expression and activity. Considering the
documented role of COX-2-derived metabolites in the

pathophysiology of progressive renal disease, these ob-
servations suggest that COX-2 might be involved in the
pathophysiology of renal disease in the ZDF rat. Evolu-
tion of nephropathy in ZDF has been well described. Ex-
tensive studies by Kasiske et al [23] and Coimbra et al [27]
have shown that the first detectable changes in glomeru-
lar morphology suggestive of glomerulosclerosis and sig-
nificant proteinuria occur at about 4 to 5 months of age,
whereas more subtle changes characterized by glomeru-
lar mesangjal matrix expansion and albuminuria occur by
14 weeks of age. Thus, similar to findings in some other
models of progressive glomerulosclerosis, such as the rat
remnant kidney model [28); fawn-hooded hypertensive
rats [29], or type 1 diabetic nephropathy [8, 9], increased
renal expression of COX-2 and enhanced generation of
prostanoids in ZDF rats precedes the development of
glomerutosclerosis. Furthermore, in the present studies
it concided with early development of proteinuria.

An increase in renal cortical COX-2 expressionin ZDF
rats corresponds to previous reports by our group as well
as by other investigators, suggesting marked increases in
renal COX-2 expression and function in models of type 1
diabetes [8,9]. However, there are striking differences be-
tween the metabolic environments associated with COX-
2 up-regulation in the present and in previous studies.
Unlike the studies in type 1 diabetes, changes in COX-2
expression in ZDF were not closely associated with hy-
perglycemia, since at 12 weeks of age, ZDF rats demon-

_ strated only mild hyperglycemia, and their younger

counterparts had blood glucose levels still within the
normoglycemic range. Therefore, some other factors
must’ contribute to COX dysregulation 'in the ZDE
The increase in COX-2 expression, as observed in ZDF
rats, paralleled the development of insulin resistance
and metabolic abnormalities characterized by progres-
sive obesity, hyperinsulinemija, serum triglyceride, and
NEFA concentrations. Therefore, a progressive increase
in COX-2 expression is likely linked to the development
of the metabolic syndrome. 4
‘Hyperinsulinemia is one of the most striking
metabolic/hormonal abnormalities in the ZDF. There-
fore, we embarked on further studies to explore the role
of this factor in the enhanced prostanoid excretion in this
model of type 2 diabetes. To inhibit the major insulin sig-
naling pathway, the rats were administered the inhibitor
“ of PI3K, wortmannin. This intervention significantly re-
duced TxB; excretion in ZDF rats, albeit the change in
PGE did not reach statistical significance. These findings,
together with the lack of effect of wortmannin in ZL.rats,
suggest that enhanced COX-2 activity in ZDF is in part
insulin-dependent. Although PI3K is not activated only
by insulin, but by a number of other factors, hyperin-
sulinemia is such a prominent feature in ZDF rats that
effects of wortmannin could be attributable to inhibition
of insulin signaling. o o
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Lites of prostaglandin E (FGE) and thrombox-
ane Ay (TxAjz) in 12-week-old fatty diabetic
Zncker (ZDF) and lean Zudker (ZL) rats
copirals, ZD'F demonstrated increased excre-
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7DE tion of both COX metabolites as compared to
ZL.*P < 0.05.

. Table, 3. Physm.l and metabohc charactensua; in vehicle- and Wortimannin-treated léan Zucker (ZLYyand fatty dmbehe Zucker {ZDF) rats

Right kidney Right kidney weight/100 g Blood
body weight glrcose mumol/L. Trigiyceride munol/l.  acids mumol/L

: _“Wf" Number Bodywaghtg wexghtg

Fig- 3. Urinary excretion of siable metabo-

Nonesterified fatty

‘ZLvehicle: * 5

345411 106006 - 0.31 001 4401 0.67 £ 0.10 030+ 0.04
‘ZDFvehide - 5  S508&£2°* 1234004  024+001° 58402 282012 0.50 £ 0.04°
ZLwortmannin .5 . 355:10  L05+0.03 0.30 £ 001 46401 059 + 0.07 024 £0.04
ZDFwortmangin 5 516+17" 1L17:005° 0.23 +0.01° 61£02% 4.52 £047° 0.29 +0.03¢

*P < 0.001 v5. ZL; *P < 0.05;°P < 0.01;°P < 001 va ZDF-vehicle.
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Fig. 4 Urinary excretion of stable metabho-
lLites of pmstaﬂmdm E (PGE) and throm-
boxane A; (TxA;) in 12-week-old fatly di-
abetic Zudker (ZDF) angd lean Zucker (ZL)
treated with worimannin or with a vehi-
de. Vehicle-treated ZDF (ZDF-veh) demon-
strated increased excretion of both cyclooxy-
genase {COX) metabolites as compared toZL
(ZL-veh). Wortmannintreated ZDF (ZDF-

Analysis of metabolic parameters in wortmannin-
treated ZDF also showed marked reduction in plasma
'NEFA concentrations, together with higher triglyceride
concentrations. Detailed discussion of this phenomenon
'is beyond the scope of this paper, but these changes could
be related to decreased activity of hormone-sensitive
lipoprotein lipase in adipose tissue [30]. Furthermore,
these observations could ‘be considered as additionai
proof of effective PI3K inhibition by wortmannin admin-
istered at a given dose. Since NEFA act as precursors
for synthesis of arachidonic acid [31], and therefore, as
‘precursors of a spectrum of COX metabolites, the reduc-
tion in NEFA ievels observed in response to wortmannin
administration in ZDF rats could also contribute to at-

WORT) rats demonstrated significantly lower
TxB; excretion as compared to vehicle-
treated counterparts. In contrast to ZDF,
wortmannin induced no changes in TxB; ex-
cretion in ZL {ZL-WORT). *P < 0.05 vs. ZL.

Although the experiments assessing the acute effects
wortmannin on COX enzymatic activity suggest the link
between the hormonal and metabolic characteristics of
metabolic syndrome and renal COX dysregulation, it

should be noted that this interpretation is based on
_just a few measurements of urinary prostaglandins and
- metabolic parameters. Thierefore, these data should be

viewed as exploratory and supportwe To prowde con-
clusive evidence, future studies should focus on measure-
ments of COX-2 activity and expression, together with
indicators of renal injury in models of type 2 diabetes,
after iong-term modu]auon of these metabohcfhormonal
risk factors. ) ' ‘
COX-1 was not the major focus of the present stud-

tenuation in TxB; excretion. Thus, in addition to insulin, .
enhanced COX.-2 activity in ZDF rats could be also at-

tributable to increased NEFA,

ies. However, our finding of decreased-expression—o
this isoform in 12-week-old ZDF rats may have patho-
physiologic significance. Conmdermg the documented
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localization of this isoform in collecting ducts [11], it has
been hypothesized that COX-I—derived metabolites are
involved in natriuresis For example, pressure nattiuretic
responses were inhibited by indomethacin, but not by a
selective COX-2 inhibitor [32]. Reduction in COX-1 ex-
pression in ZDF rats could contribute to later develop-
ment of hypertension in this model by decreased natri-
uretic responses.

Lessons derived from studlcs focusmg on renal COX-2
regulation may provide additional clues for determina-
tion of factors characteristic both for the metabolic syn-
drome and for modulation of COX-2 expressmn in the
renal cortex. COX-2 expression and function in macula
densa cells is stimulated by decreased sodium chloride
concentration in tubular fluid: In particular, chloride ion
tubular concentrations séem to be important for COX-2
regulation. Insulin isa potent stimiulator of chloride re-
absorption up-stream from macula densa [33,34). There-
fore, progressive, hypennsuhncmla in ZDF rats may be
associated with changes in ionic content of tubular fluid
sensed by macula dénsa cells leading to up-regulation of
COX-2. In this context, Schnyder et al [35] have recently
provided persuasive evidence that insulin signaling path-
ways involved in insulin-induced sodium reabsorption in
proximal tubular cells are not affected by insulin resis-
tance.

Previous studies by Vora et al [36] have suggested
that a significant proportion of ZDF rats develop hy-
dronephrosis later in the course of nephropathy. This
phenomenon may interfere with identification of renal
pathophysiologic mechanisms specific for metabolic syn-
drome. Theoretically, development of hydronephrosis
could trigger processes that would lead to COX-2 up-
regulation. Our present studies were deliberately per-
formed at carly stages of the disease, when both age
groups of ZDF do not display hydronephrosis.

CONCLUSION

We report complex changes in renal cortical expression
of COX isoforms in ZDF rats as compared to lean con-
trols These changes were characterized by a progressive
increase in COX-2; COX-1 expression was lower in 12-
week-old ZDF rats These changes in expression of COX
isoforms in the ZDF rats were associated with increased
urinary excretion of both PGE and TxB,, determined
as a stable metabolite of TxA,. The changes in COX-
2 expression and activity paralleled the development of
metabolic abnormalities characteristic of insulin resistant
states. Further experiments with wortmannin suggested
the link between hormonal/metabolic factors character-

~istic for type 2-diabetes (hyperinsulinemia and increased

plasma NEFA concentrations) and COX-2 up-regulation
and enhanced prostanoid excretion. With respect to the
documented roles of COX in the regulation of kidney

function and in renal pathophysiology, the observed al-
terations in COX expression and function could con-
tribute to tke later development of nephropathy in this
model of type 2 diabetes. Furthermore, the data provide
a rationale for studies of additional metabolic/hormonat
mechanisms operating in the pathophysiology of diabetic
nephropathy.
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