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OZET

Bir ¢ok hiicrede glikoz. konsantrasion gradveni bovunca kolaylastinlmis  diffizy onla
alinmaktadir - Bu calismada. memelilerde saglikli bir gebelik icin - ¢likoz  ihtivacing
karsilamada 6nemli rollere sahip olan glikoz tasivicr proteinlerin. insan plasentasinda. sican
embriyonik hiicrelerinde. fetal ve maternal dokularinda {iretimini ve dizenlenmesini
arastirdik

Geligen  sigan utero-embriyonik birimde kolaylastiriims glikoz tasiyics izoformlanndan
GLUT 1, 53 ve 4 implantasyonun baslamasindan sonra embriyonik dokularda iiretildiler. Bu
proteinlerin. parietal endoderm. visseral endoderm. primer ektoderm. ekstraembiivonik
ektoderm ve ektoplasental koni'de birlikte dagilim gésterdikleri tespit edildi

Uterus luminal epitelinde GLUT 1 bovanmasi gebelifin 3 giiniine kadar me cut degilken. 3
giinden itibaren itminal epitel. endometriyal stromal ve desidual hiicrelerde boyanmalari
gozlendi GLUT 1 boyanma yogunlugu desidualizasyon siiteciyle birlikte artt Endometriyal
bezler ve miyometriyal diiz kas hiicreleri ne GLUT 1 ne de GLUT 3 ile postimplantasyona
kadar boyanmadi GLUT 4, gebe sican uterusunda biitiin gelisim asamalarinda tespit edildi
Insan ik trimester ve term plasentasinda GLUT 3 yaygin olarak ekstravillus trofoblast ve
villuslerdeki  prolifere trofoblast hiicrelerinde meveuttu. Endotelyal hicrelerde GLUT 3
yogun olarak boyand: Glikojen sentezinin primer proteini olan glikojenin, endotel
hiicrelerinde. trofoblast hiicrelerinde ve basal desidual hiicrelerde meveuttu

Insan periferal kamindaki granulositler ve monositler GLUT 1, 3 ve 4 ile bovand:.
Lenfositlerin kiigiik bir gurubu hari¢ bu tagiyic proteinler icin negatifti. Gebelik esnasmda
hiicre viizey tasiyict proteinlerinde ana degisim granulositlerdeki GLUT 1 % 36 (p< 0.03)
oramnda teim de azalarak diizenlenmesi ve monositlerde GLUT 3 % 37 (p< 0.05) oraninda
artis gdsterirken buna paralel olarak GLUT 4 , % 24 (p< 0.05) oramnda ikinci trimester de
azaldi. Hipoglisemik sartlar altinda granulositlerinde euglisemmik granulositlere gre GLUT
4. % 73 (p< 0 05) bir artis gézlenirken buna patalel olarak istatiksel olarak anlamsizda olsa
GLUT 1 de azalma ve GLUT 3 de artis oldu. Hipoglisemi, monositlerde GLUT 1 ve GLUT 4
igin etkisizken, GLUT 3 proteininde % 134 {(p< 0 05) artis gdzlendi.

Sonug olarak, veriler gostermektedir ki sican utero-embriyonik birimde, yiiksek affiniteve
sahip glikoz tagiyic proteinlerinden GLUTI, 3 ve 4 farkls ekspresyonlari, preimplantasyon
gelisimde kolaylastirilmis glikoz temininde dnemli rollere sahip olduklarina bir kanit teskil
eder Plasenta ve desiduada GLUT 3 ve glikojenin birlikte yerlesim gostermesi, glikojen
depolayan hiicrelerde metabolik ihtivaca gore glikojen sentezi veya yikimi ile glikoza
doniisebilirler

GLUT 1, 3 ve 4 matemal periferal granulositlerde ve monositlerde olduk¢a fazla miktarda
tretirler. Bu tastyicr izoformlann  gebelik esnasinda farkli diizenlenmeleri. bu proteinlerin
farkli gdrevlere sahip oldugunu gostermektedir Hipoglisemide bu izoformlara karsi farkls

cevaplarin alinmas: glikoz yoklugunda hiicreleri stressten koruma mekanizmasinda rolleri
olabiliy

Anahtar Kelimeler: Glikoz tasimmi, GLUT, embriyo, plasenta, glikojenin, 18kosit




ABSTRACT

Most cells take up glucose by facilitated diffusion along a concentration gradient In the
“present study. the expression of the respective carrier molecules and its reguiation was
“investigated in rat embryonic cells as well as in fetal and maternal tissues playing a critical
“role for glucose supply to the mammalian conceptus

In the developing 1at utero-embryonic unit. the facilitative glucose transporter isoforms
< GLUT1, 3 and 4 were expressed in the embryonic tissues after the start of implantation, being
““co-localized in the parictal endoderm. the visceral endoderny. the primary ectoderm. the
extraembryonic ectoderm as well as in the ecioplacental cone In the uterus. a faint GLUT]
- labelling emerged not until gestational day 3 in the Juminal epithefium. the endometrial
‘stroma as well as in decidual cells. GLUTI staining intensity increased in the latter population
- with progressing decidualization. Endometrial glands and myometrial smooth muscle cells did
~neither stain for GLUT1 nor for GLUT3 until post-implantation. GLUT4 was visualized
- throughout the pregnant rat uterus during all developmental stages examined. as was GLUT3
“with the above exceptions

- Extravillous trophoblast and proliferating villous cvtotrophoblast turned out to be the major
- sites of GLUT3 expression in fitst trimester and term human placenta Endothelial cells were
~also strongly labelled with the GLUT3 antiserum The endothelium, trophoblast as well as
. basal decidual cells contained also glycogenin, the protein primer for glycogen synthesis

- Human peripheral blood granulocytes and monocytes stained for GLUT1, 3 and 4 Apait from
" a minor subpopulation. lymphocytes were negative for these carriers Major changes in cell
- surface transporter expression during pregnancy were a 36% (p<Q05) downregulation of
- granulocyte GLUT at term, and an increase in monocyte GLUT3 levels to 137% {(p<005).
- paralleled by a 24% (p<0 035) decrease in GLUT4 content in second trimester. In non-
- pregnant women, granulocyte GLUT4 levels were increased by 73% (p<0.05) undex
- hypoglycemic conditions, which was paralleled by a marked, but non-significant reduction in
. GLUTI and a rise in GLUT3 In monocytes, GLUT3 was elevated by 134% (p<0 03),
. whereas GLUT!1 and GLUT4 remained unaffected upon hypoglycemia

In conclusion. the data point to a significant expression of the high affinity glucose
.. transporters GLUTI, 3 and 4 in the rat utero-embryonic unit, providing supportive evidence
- for an important role of facilitative glucose diffusion in peri-implantation development The
co-expression of GLUT3 with glycogenin in the placenta and decidua might enable glycogen-

storing cells to exchange glucose quite effectively according to prevailing metabolic demands
of glycogen synthesis o1 degradation. GLUTIL, 3 and 4 are also abundantly expressed in
maternal peripheral blood granulocytes and monocytes The particular isoforms are

differentially regulated during pregnancy, suggesting an individual functional significance.

The differential response of the isoforms to hypoglycemia may represent a mechanism to

protect the cells ffom the stress of glucose deprivation

Key Words: Glucose tiansport, GLUT, embryo, placenta, glikogenin, Leukocyte.




TESEKKUR

. bu caligmann gerceklesmesinde katkilarindan dolayi. asagda adi gegen kisi ve
uslara igtenlikle tegekkilr eder

avin Prof. Dr. Ramazan DEMIR ve sayin Do¢ Dr Tom HAHN tezimin gergeklesmesi icin
ser-tirlit destegi saglamiglardi

: _1:1'1_:ProfDr. Gottfiied DOHR ve savin Prof Dr Gernot DESOYE tezimin
Jaboratuvarlannda yapiimasina imkan saflamiglardu.

Sayin Akdeniz Universitest Arastirma Fonu tezimin gerceklesmesinde maddi olanaklan
saglamisti

yin Histoloji ve Embriyoloji Anablim Dali’nin tiim ¢alisanlan tezim esnasinda vardimer
lmuslardir

vi




ICINDEKILER

) SAYFA
OZET i
ABSTRACT A4
TESEKKUR Vi
ICINDEKILER DiZiNi vii-viii
SIMGELER ve KISALTMALAR DiZiNi ix
SEKILLER DiZiNi X
CIZELGELER DIZIiNj xi
GIRISve AMAC 1
GENEL BILGILER 2-26
2.1. Karbonhidrat Metabolizmas: 2-4
2.2, Glikoz tasinimm ve glikoz tasiyics proteinler 4-5
2.2.1. GLUT 1: Eritiosit tip glikoz tasiyicis: 3-6
2.2.2.  GLUT-2: Karacier tip glikoz tastyicist 6-6
2.2.3.  GLUT-3: beyin tipi glikoz tastyicisi 6-7
2.24.  GLUT-4: Insitlin-duyarh glikoz tasivicist 7-7
2.2.5.  GLUT-3: ince bagusak glikoz tagiyicisi 7-7
2.2.6. GLUT®6 7-8
2.2.7. GLUT 7: hepatik mikrozomal glikoz tastyicisi 8-8
22.8. GLUTS 8-8
2.2.9. GLUTO9 8-8
2.2.19. GLUTIO 8-9
2.2.11. GLUT 11 9-9
22,12 GLUT 12 9-9
2.3.  Insan plasenta morfolojisi ve fizyolojisi 10-12
2.4 Si¢an plasenta morfolojisi [2-15
2.5 Plasental tasima 15-15
2.5.1. Plasental glikoz tasinim 15-17
2.5.1.1. Insan ve sican plasentasindaki glikoz tastyici proteinler 17-17
2.5.1.2. Insan plasentasindaki GLUT 1 dagihmi ve fonksiyonu 17-17
2.5.1.3. Sican plasentasindaki GLUT 1 dagilim ve fonksiyonu 17-18
2.5.1.4. Insan plasentasindaki GLUT- 3 dagilim ve fonksiyonu 18-18
2.5.1.5. Sigan plasentasindaki GLUT 3 dagilum ve fonksiyonu 18-19
2.5.1.6. Insan ve sican plasentasindaki GLUT 4 dagilimz 19-19
2.6. Plasental aminoasid tasinimi 19-19
2.6.1. Katyonik ve anyonik amino asid tasiyicilari 19-20
2.6.2. Nbtral amino asid tasiyicilan 20-20
2.7.  Plasental yag asidi tasinin 20-20
2.8.  Plasental oksijen tasimm 20-20
2.9. Plasental vitamin ve mineral tasinimi 20-21
2.10. Preimplante gelisim déneminde embriyodaki glikoz tagimmi ~ 21-22
2.11.  Gebelik esnasinda plasental glikoz tasiyicilarinin fonksivonu  23-24
2.12. Rahim I¢i Biytime Geriliginde (TUGR) glikoz tastyicilan 24-24
2.13.  Diabetik gebeliklerde glikoz tasiyrcilan 24-25
2.14.  Plasental glikoz tasiyicilarinin diizenlenmesi 25-26




GEREC VE YONTEM
3.1.  Sigan utero-embrivonik dokunun elde edilisi
3.2, Parafin kesitler i¢in immunohistokimya protokoli
3.3, Insan plasenta dokusu
3.4, SDS-poliakrilamid jel elektroforez ve Western-Blot
3.5, Krivo (dondurma) kesitler igin immunohistokimya protokolii
3.6. Flow sitometrik (akigkan hiicre Glger) ¢alisma igin denek secimi
3.7. Periferal kandan 18kosit hticrelerinin ayrilmasi ve sitospin metodu
vardimi ile immunohistokimvasal boyanmalarin yapilis:
3.8. Flow sitometri (akiskan hiicre blcer)
BULGULAR

4.1. Sican utero-embrivonik dokulardaki immunohistekimyasal sonuclar -
4.2. Insan plasentasindaki western-blot ve immunohistokimya sonuclari

4.3. Gebelik esnasinda periferal l6kositlerdeki GLUT 1, GLUT 3
ve GLUT 4 proteinlerinin dagilimi
4.4. Hipoglisemik hastalarin periferal 15kositlerindeki flow sitometiik
{akiskan hiicre dlcer) ve immiinchistokimya sonuclar
TARTISMA
SONUCLAR
KAYNAKLAR
OZGECMIS

EKLER

Ek 1. Glucose transporter expression in rat embryo and uterus during
decidualization, implantation, and early postimplantation

Ek 2. From maternal glucose to fetal glycogen: expression
of key regulators in the human placenta

Ek 3. Physiological leukocytosis during pregnancy is associated
with changes in glucose transporter expression of maternal peripheral
blood granulocytes and monocytes.

Ek 4. Sustained hypoglycemia affects glucose transporter expression
of human blood leukocytes.

27-31

45-47
48-54
54-33
56-66
67




upp

SGLT

GLUT

IUGR

STZ

HCG

PL

FABPpm

FAT

FATP

FABP

IGE

PBS

AEC

BSA

SIMGELER ve KISALTMALAR DiziNi

R R A

Uridin difosfat

Sodyuma bagimli glikoz tasivicilar,

Kolaylastinimis glikoz tasiyicilar: (protein)

Rahim i¢i biyiime geriligi

Streptozotosin

Insan koryonik gonodotropin

Plasental laktojen

Plasma membran yag asidi baglanma proteini

Yag asidi translokaz

Yag asidi tasiyici proteini

Sitoplazmik yag asidi baglanma proteini ailesi

Instilin benzeri bliytime faktérii

Fosfat tuz solusyonu

Amino Etil Karbozol

S1g1r serum albumin




SEKILLER DizZini
Sayfa No

Sekil 1. Glikoz tasiyic1 izoformunun sematize vapisi 3
Sekil 2. Insan plasentas; 11
Sekil 3. Sican embrivosu 1 e plasentasi 13
Sekil 4. Insan ve sigan plasentasinda materno-fetal dolasim arasindaki

trofoblast tabakalar) 14
Sekil 5. Normal ve diabetik plasentada ki glikoz tasimnm

ve metabolizmasimin sematize sekli 16

Sekil 6 Blastosistlerdeki glikoz tasimm mekanizmasi ve
bu mekanizmada 10l alan glikoz tastyici proteinler 22




CIZELGELER DIZINI

Sayfa No
Tablo 1. GLUT ailesinin gen adi. kromozom lokalizasyonu ve

bulundugu doku. hticreleri gosteren dzet tablo. 9




GIRIS ve AMAC

Glikoz, memeli dokularin en Snemli yakith olup fetlisiin baslica enerji
kaynagidir  Glikoz‘un hiicresel hemostaz ve metabolizmadaki 6nemli roliinin
anlastlmasindan sonra, memeli hiicrelerinde, plasma membranindan glikoz taginmasi,
en Onemli besin tasinma olaylarindan biuti olarak kabul edilmektedir Memeli
hiicrelerinin  plasma membranlarinda  glikoz  tasmiminin  basit  diffizyonla
gerceklesmesini saflayan bir sisteme sahip oldugu bilinmektedir. Diger taraftan,
glikoz tasimmasini hizlandiran, glikoz tasiyici proteinleri, glikozun hiicre plasma
membranindan gegmesini  kolaylastirarak, glikozun hiicrenin igine gegisini
saglamaktadirlar Bu tasiyieilar, glikoza kargt dzgindiler ve enerji ihtiyac: olan
herhangi bir elemana bagimnli degildirler .

Giiniimiize kadar treme biyolojisiyle ilgili olarak kolaylagtinlmg glikoz
tasinimiyla ilgili c¢ahsmalar ii¢ noktada odaklanmustir. Birincisi plasentadaki
kolaylastirilmis glikoz tasinimi, ikincisi ise genellikle in vivo olarak embriyolardaki
glikoz tasmmmi ve son olarak da organogenez esnasindaki kolaylastirilmis glikoz
tagimumuyla ilgili calismalardir.

Gebelik baslangicinda ve daha sonraki evrelerinde embriyonun saglikli
gelismesinin materno-fetal iliskideki saghkli diizene bagll oldufunu biliyoruz.
Preimplantasyondan terme kadar embriyo ihtiyact olan enerji kaynaklarimin belli
tastyicilar tarafindan tasinmast kacimlmazdir. Bu tasiyicilann kimligi, dagilim ve
diizeni arastirmamizin konusunu olusturdu. Bunun igin feto-maternal glikoz
tasimminda 6nemli roller tistlenen GLUT 1,3,4 proteinlerinin insan plasentasinda,
sican fetal ve maternal dokularinda, normal, gebe ve hipoglisemik insan periferal
lgkositlerinde dagilimi ve diizenlemesini igeren bir seri parametreler aragtirildi.

Bu calismamizin amaci, immunohistokimyasal ve molekiller biyoloji
tekniklerini kullanarak insan plasentasinda, insan periferik kan hticrelerinde ve sican
utero-embriyonik drneklerde sodyumdan bagimsiz glikoz tasiyict proteinlerinden 1, 3
ve 4 in dagilimim aragtirmaktir.




GENEL BILGILER

2.1. Karbonhidrat Metabolizmas:

Organizmalar, hayati islevlerini = sirdiumek icin ¢evielerinden  enerji
gereksinimlerini temin etmek zorundadirlar Insanlar, hayvan ve bitki dokularinn
iginde yaygin bir sekilde bulunan karbonhidratlardan, giinliik enerji ihtiyacinmn
vaklagik varisimi temin ederler Organizmaya giren karbonhidratlar glikoza
cevrilmekte ve enerji gereksinimi olmadigi durumlarda fazla glikoz, glikojen olarak
depolanmaktadir

Bitkilerde glikoz, fotosentez aracihg ile meydana getirilir. Devaninda ise ya
nisasta seklinde depolanit yada sellilloza cevrilir Hayvanlarda, glikoz kaynagi ise
karbonhidratlar ile bitlikte yag ve proteinlerdir.

Glikozdan, glikojen sentezi olay: “glikojenez”, glikojenin yikilip tekrar glikoz
haline déniigmesi olay1 ise “glikojeneoliz” olarak isimlendirilmektedir Glikojeneoliz
mekanizmas: kas ve karacigerde vogun olarak gergeklesmektedir  Ayrica
karbonhidrat olmayan maddelerden glikoz sentezi ise “glikoneojenez” olarak
adlandmlmakta ve glikoneojenez baslica proteinlerden, yaglardan, karaciger ve
bobreklerde gergeklesmektedir.

Diyetle alinan karbonhidratlar genelde polisakkarid, disakkarid veya ¢ok az
miktarda monosakkarid seklindedit  Oysa karbonhidratlarin, bagirsaktan
emilebilmeleri i¢in, monosakkarid haline ¢eviilmeleri sarttir. Karbonhidratlar, tiikriik
ve pankreastan salgilanan o-amilaz ve ince bagusaktaki hidrolitik enzimler
aracihifryla monosakkarid haline getirilir. Monosakkaridlerin ince bagirsaktan
emilimleri i¢in 3 yol mevcuttur.

a-Aktif tagimmla
b-Tagiyic1 molekiillerle yiiriitlilen kolaylastinlmis diffiizyonla,

c-Basit diffiizyonla.

Bagusaklardan emildikten sonra vena porta aracilif: ile sistemik d01a§1ma
katilan monosakkaridler (glikoz, galaktoz ve fiuktoz) hiicre diizeyinde sadece glikoz




tizerinden metabolize edilir. Fruktozun, glikoza doniisiimii bagirsak ve karacigerde,
galaktozun doniisiimi ise yalnizea karacigerde gerceklesir.

Glikoz temel olarak 3 kaynaktan elde edilmektedir

a)Yag dokusundan:

[nsan viicudunun en biytik enetji kaynagi olarak bilinen vag dokusundan
glikoz elde edilir 70 kg’lik bir kisi, ortalama 12 kg trigliseridi yag dokusunda
depolar ve bu miktardaki trigliserid vaklagik 2 ay kadar bir siire icin glinde 2 000 k
kal enetji temin eder (1). I gr glikojen 4 kcal enerji temin ederken, yag dokusu g
bagina 9 k kal enerji temin etmektedir.

b) Proteinlerden:

Bir diger glikoz kaynap ise proteinlerdir Proteinler, glikoneojenez igin
gerekli temel elemanlarin kaynafi olarak gérev yapmaktadir (2). 70 kg bir insan
organizmasi 6 kg protein icermekte ve bu da 24.000 kcal enerji potansiyeline
kargilik  gelmektedir  Proteinler, karaciger ve bgbreklerde “glikoneojenez”
aracihiyla glikoza dondgiir ancak temel degisim karacigerde gerceklesitken, renal
“glikoneojenez” sadece uzun  siirelj aghiklarda ve asidoz olustugunda
gergeklesmektedir (3). Insan viicudu, protein temin dinamizmini korumaya calisir.
Bazi durumlarda asnt protein yikim, hiicreyi éliime sevk edebilir. Bu yiizden, uzun
stireli acliklarda, glikoz temini icin protein yikimimndan vazgecilip, vag ve ketonlar
glikoz temini i¢in kaynak olarak kullamhr. Bu sekilde normal glikoz temin
mekanizmasinin kaynag degisir Siirekli olarak enerji ihtiyacim serbest glikoz olarak
temin eden beyin bile, uzun sireli acliklarda keton ve bagka kaynaklar kullanmaya
baslar Glikozu temin eden bu temel kaynaklar, uzun siireli achklar esnasinda,
viicuttaki optimum (vasat) glisemiyi saglamaya, muhafaza elmeye ¢aligir (4)

¢) Glikojenden:

Glikojen, glikozun depo formudur. 70 kg’lik bir insanin karacigerinde 70gt,
kaslannda ise 400gr glikojen meveuttur. Karacigerde depo edilen glikojen yikimi
sonucunda, beyin ve diger néronal dokulara glikoz temin edilir. Néronal dokularda
serbest glikoza gereksinim vardir Kas glikojeni, glikozun lokal kaynag: olarak gbrev
vapmaktadir Kaslarda, glikoz-6-fosfotaz enziminin olmamasi, kas glikojenini
serbest glikoz haline doniistiirtip dolagima verememesine yol agar.

Klasik olarak bilinen glikoz glikojen metabolizmasina ilaveten son yillarda bulunan
“otokatalitik” 6zellige sahip “glikojenin” proteini ile glikoz-glikojen metabolizmas:
Ozetle su sckilde ifade edilebilir. Glikojenin, otokatalitik olarak kendi Try-194
birimine, 8§ glikoz birimi baglar ve uranindifosfat (UDP) glikoz esliginde
glikozillenir Tam olarak glikozillenmis olan glikojenin, proglikojenin i¢in &ncii
molekiilii olugturur. Proglikojen énciisii olan glikojenin, proglikojen sentaz, dal kirie




enzimler ve UDP glikoz araciligiyla proglikojeni olugturur. Bunu takiben de kiasik

glikojen sentaz ve dallandirici enzim aracilifn ile proglikojenden glikojen meydana
gelir (5)

Aclik esnasinda, glikojen fosforilaz enzimi, glikojen yikimin baslatir ve iiriin
olarak glikoz-1- fosfati olusturur, Glikoz-1-fosfat, fosfoglukomataz aracihfiyla
glikoz-6-fosfat’a déntistir  Glikoz-6-fosfat ise glikoz-6-fosfataz araciligiyla serbest
glikoza doniisiit  Hiicreye alinan glikoz, “Embden-Myerhof” glikolitik yolu
aracthfiyla okside olarak enerji olusmasim saglar. Glikoliz tiim hiicrelerin
sitoplazmasinda  gergeklesir ve 10 asama igerir  Glikoliz sonucunda, 1 mol
glikoz’dan, 2 mal ATP, 2mol NADH ve 2 mo] piruvat olusur ATP hiicresel enetji
i¢in kullanilir Pirtivat’ta anerobik glikoliz de laktata doniisiir. Laktat bir ¢ok canl
i¢in enerji kaynagi olarak kullamlmaktadiy (4)

2.2 Glikoz tasmmm ve glikoz tagiyici proteinler

Canlilarin kullandig:i enerji genelde glikozun oksidasyonu sonucu kazamhr
Glikoz, basit bakterilerden ileri gelisme gostermis (néron gibi) memeli hiicrelerinin
metabolizmasi igin ¢ok 6nemli bir elemandir Oksidatif ve oksidatif olmayan
mekanizmalarla ATP tiretimini saglar Aynica anabolik reaksiyonlar i¢in, ok sayida
seker igeren makro molekiilleri igermektedir Kan sekeri; glikoprotein, glikolipid ve
nitkleik asid gibi bir ¢ok seker iceren molekillerin onciisiidir. Kan sekeri
metabolizmas: i¢in ilk asama glikozun plasma membramindan  tagmmasidir
Glikozun plasma membranindan tasinim, glikoz tagiyicilar: adi verilen “tasiyic
protein” ailesi tarafindan gergeklestirilir. (6,7)

Memeli hticrelerinde iki tip glikoz tasiyicr ailesi vardir.
1-Sodyuma bagimh glikoz tasiyicilar (SGLT) (aktif tasima),

2-Kolaylastirlmis glikoz tagiyicilan (GLUT) (kolaylastinilmis basit tasima) (6,7)

SGLT-1 tastyic1 proteini, ince bagisak hiicrelerinin seroz katr tarafina
yetlesmis olup Na+K+-ATP az sistemine (sodyum pompast) bagiml olarak ¢alisu
ve bu sisiemde glikozun, enerji harcanarak diisiik yogunluktaki barsak limeninden
yiksek yogunluklu hiicre igi ortama tasinim gergeklestirilir. Diger yandan glikoz,
GLUT proteinleri tarafindan ATP kullanitmadan yogunluk gradyeni boyunca tasinr
GLUT’lann en dnemli gérevi, kanda meveut olan glikozun, hiicre sitoplazmasina
taginmasim saglamaktir. Bir ¢ok memeli hiicresindeki hiicre ici disitk glikoz
yogunluBu, kolaylagtimimis diffizyonu miimkiin kilar, Hiicre igine alinan glikoz,
hekzokinaz ailesinin bir enzimi olan glikoz-6-fosfataz enzimi aracihgiyla hemen

fosforile edilir Bu islem sonucunda kazamlan ATP hiicreye gerekli enerjiyi saglar
(6,7).




Glikoz tagiyicilari, membran proteinleri olup, glikozun membranlardan
gegmesini 10 000 kez hizlandirmaktadirlar  Yaklagtk olarak 500 aminoasitien
olugmakta ve 12 adet membran segmenti seklinde bir molekiiler vaptya sahiptirler

(Sekil 1) (8,9)

Sekil 1. Glikoz tagiyic: izoformunun sematize yapist. Plasma membraninda 12 adet segmentli yapist
ile membran igi ve digina katilan boliimleri gorilmekte (9).

Glikoz tasima sisteminde olusan bir anormallik diabetus mellitus , tahim igi
bitytime geriligi (IUGR), obezite gibi hastaliklara yol agabilir. Bundan dolay1, son
yillarda glikoz tagiyicilaninin anlasilmas: igin bliyiik emek sarf edilmektedir. Bu
zaman esnasinda belki de en onemli tespit, glikoz tastyicilarnimin cesitli dokulara
0zgin olarak mevcut olmalan ile glikoz tasinmasimn birbiriyle iligkili bir aile
tarafindan yapilmakta oldugu ve bu glikoz tasiyicilanmn farkh genlerin Uriinii
oldugunun tespit editmesidir (10).

Glintimiize kadar 12 adet glikoz tasiyic1 protein (GLUT 1-12) varlig: tespit
edilmistir. Bu genetik ¢esitliligin gelisimi ve korunmasini acikca gdstermektedir
Stphesiz ki yasamimn devamu igin bu genetik cesitlilik zorunludur Glikoz tagryici
proteinleri farkl: dokularda tiretilmekte ve béylece her biri kan-seker hemoztasinin
diizenlenmesinde farkli roller oynamaktadilar




22.1. GLUT'1

GLUT-1 vopun bir sekilde iizerinde calisilmis olan glikoz tasiyicisi olup
baslica insan eritrosit membranlarinda tespit edilmistir  Eritrosit membran
proteinlerinin yaklasik % 3-5, GLUT-1 den ibarettir. 1980 yilinin basinda Baldwinn
ve arkadaslari (11)  tarafindan bu proteinin izole edilmesi, glikoz tasimm
caligmalarinin ilerlemesini saglamistr Bu saflastinilan protein sayesinde GLUT-1
antikoru elde edildi (12) ve 1985te ilk kez GLUT 1 ¢DNA klonlanmasi insan
hepotoma hiicrelerinde yapildi (13) Insan GLUT 1 proteini, yaklasik olarak % 97
oraninda sican, fare, tavsan ve domuz GLUT 1 proteini ile homoloji géstermektedir.
GLUT 1 genomik amino asit dizilimi, yaklagik olarak 35000 bp (baz cifti) den
olusmaktadir (13). GLUT 1, 55 kDa agihiginda bir protein olup, dokularda oldukea
yaygin olarak bulunmakta ve instilinden bagimstzdir (10,14,15). GLUT 1, en fazla
beyinde, kan-beyin bariyerinde, plasental bariyerde ve retina da bol miktarda varlig
gdzlenmigtir (14) Bu tasiyic aracihfiyla glikoz hizlica beyine tasnmakiadir. GLUT
I tasinim kan-seker hemostazini iceren diger baz1 dokularda da tespit edilmigtir (16)

2.22. GLUT-2

GLUT 1 in olduk¢a az miktarda hepatosit membranlarinda tespit edilmesiyle
glikoz tasiyier kinetiginin hepatositlerde, eritiositlere gore farkli oldugu, farkli bir
glikoz tastyicis: tarafindan gereeklestirildigi ileri stiriildii (17). Bu tagiyicimn varlif
birbitlerinden bagimsiz olarak Thorens ve arkadaglar: (18), Fukumoto ve arkadaslan
(19) tarafindan, karaciger hiicrelerinden GLUT-2 c¢DNA’si izole edilmesiyle tespit
edildi GLUT 2’nin, GLUT 1 ile bilylik bir oranda homoloji gosterdigi goriildii
GLUT 2 karacigerde, pankieas beta hiicrelerinde oldukea ¢ok miktarda meveut iken,
pankreasmn alfa ve gama hiicrelerinde meveut degildir Ayrica, bdbregin proksimal
tiblillerinde ve ince bagusak epitelinde de meveuttur (20,21) Ince bagusak ve
bobreklerde glikoz tasinimi iki basamak igerit Ince bagrsagin liimeninden apikal
membrana, yogunluk gradyenine karst SGLT ler aracihfiyla aktif glikoz tagmimi
yapilir (21) ve bazolateral kenardaki yiiksek miktardaki GLUT-2 aracilifiyla da basit
diffiizyonu gergeklesir GLUT 2, insiilinden bagimsiz olup disitk affiniteli bir
tastyicrdur ve yliksek plazma-glikoz diizeyinde bile kolayca doyuma olusmaz Kan
glikoz yogunlugu artifinda, beta hiicrelerine ¢ok fazla glikoz girmektedir. Beta
hiicreleri buna karsilik insiilin sekresyonu yapmaktadir Hepatositler ise, artan
plazma glikoz seviyesine kargilik hepatik glikoz tiretimini azaltilar. Glikozun beta
hiicrelerinden veya hepotositlerden uzaklastirilmasinda insiilinin etkisinin olmad:ig

ve bu hiicrelerin glikoz alimi, plazma glikoz seviyesiyle iligkili oldugu bildirilmistiy
(22,23)

2.2.3. GLUT-3

GLUT 3, 48 kDa aguliginda bir protein olup, insan ve sigan dokularinda
olduk¢a yogun olarak bulunur (16) GLUT 3, glikoz i¢in olduke¢a diigiik bir Km’ye
sahip olup glikoza kars: affinitesi yiiksektir. Néron gibi enerji ihtiyac: vitksek olan
hitcrelerin  glikoz alimmindan sorumludur (6) GLUT 3 ilk olarak Northern-Blot
analizleri sonucunda mRNA diizeyinde, eriskin iskelet kasinda, vogun olarak
beyinde, beyindeki miktarinin %50 oraninda plasentada, az miktarda bobrek ve
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karaciferde bulundugu rapor edildi (24.25). Fakat GLUT 3 antikorlann elde
edilmesiyle, protein diizeyinde sadece beyin ve sinir hiicreleri dizilerinde simyls
kaldigi gériildit GLUT 3 protein iiretim diizeyi, genel olarak yiiksek glikoz ihtiyac
olan beyin, plasenta gibi organlarda olmasi, bu izoformun GLUT 1 ile karsihkh
olarak birbitlerini gérev olarak tamamlayabilecekleri, yardimlasabilecekleri ileri
siirlmstiir (9). Glut-3° tin de insiilinden bagimsiz olmasi, beyinde fazla yerlesimi
ve glikoza en fazla affinite gdsteren bir tagtyicr olmast GLUT 1 ile bir gérev
paralellifini gosterir (26)

2.24. GLUT-4

Bu izoform sadece kas ve vag dokusunda gozlenir. Sigan adipoz hiicreleri
hicre kiltirti ortaminda, ortama insiilinin cklenmesiyle, yaklasik 20-30 kat daha
fazla glikoz tasimimi yaptiklan tespit edildi (27,28, 29). Insan adipoz hiicrelerinin de
instline karg1 cevaplar aymidir ve yaklagik olarak insiilin esliginde 2-4 kat daha fazla
glikoz tasinimint gerceklestirirler (30). Instilin, sican kasinda 7 kat (31) glikoz
taginimn aktivitesini arttinirken, insan kasinda sadece 2 kat (32) arttumaktadir Insiilin,
instiline duyarli dokularda glikoz alimt esnasinda hiicre i¢i vesikiillerde meveut olan
GLUT 4 tn artigina sebep olarak glikoz alimim sitiimiile etmektedir GLUT 4
instiline bagimli olup, esas olarak membraniarda lokalizedir Bu yiizden kas ve yag
dokusundaki glikoz aliniminda plazma insiilin diizeyinin 10 kat arthg1 gozlenir ve
diger yandan da paralel olarak GLUT 4 iiretim miktar: artar (26,33).

2.2.5. GLUT-5

Northein-Blot analizletiyle GLUT 5 ‘in  ince bagirsakta yiiksek miktarda
bulundugu gosterilmistir (34) Spesifik anti-peptid antikorlan1 da benzer sonuglan
vermis ve protein olarak incebagusagin liminal epitel hiicrelerinin apikal uclarinda
lokalize olduklan gésterilmistir (35). Ince bagsakta glikozun, Himenden epitel
hiicrelerine, éncelikle Na* bagimli glikoz tagiyreilaniyla tagiimr tespit edilmesinden
sonia, Na" dan bagimsiz olarak kolaylastinlmig glikoz tasiyicilarindan biri olan
GLUT 5 in ince bagsaktaki varlifi kolay agiklanamadi. Ancak ¢aligmalar
sonucunda GLUT 5 in yiiksek affiniteli bir fruktoz tastyicist olmast ve disiik
dizeyde glikoz tasiyici kabilivetine sahip olmasiyla ince bagirsaktaki mevecudiyeti
agikland (36) GLUT 5’in, ince bagusak liminal ylzeyindeki primer rolti, fruktoz
alimi ve tasiimidir Northern ve immuno blot analizleri ile bu proteinin kaslarda,
beyin ve yag dokusunda da az miktarda bulundugu gosterildi (34)

2.2.6. GLUT 6

Kayano ve arkadaslan (34) tarafindan GLUT 6 ¢DNA si elde edilmis, fakat
bu cDNA da birden gok “stop” kodonunun varhifr ve fonksiyonel glikoz tasiyicisi
son kodonunun olmamasr tartisma varatt: ve bunun bir “pstdogen” oldugu anlasildi
Yapilan son ¢alismalar sonucunda farkh bir glikoz tastyicr protein bulunup GLUT 6
olarak tekrar isimlendirildi insan GLUT 6 mRNA’s1 gzellikle beyin, dalak ve
periferal 16kositlerde meveut oldugu bildirildi (37)




22.7.GLUT 7

Karacigerde glikoz, “glikojenez” ve “glikojenoliz” mekanizmalar; ile kana
verilmektedir. Her iki mekanizmada da terminal asama, ¢ok kompleks bir enzim olan
glikoz-6-fosfatazdir.  Glikoz-6-fosfataz, spesifik bir fosfotaz olup, reaksiyonunun
sonucu olarak glikoz Uretilmekte ve bu fosfataz endoplazmik retikulum liimenini
kusatmakta boylece, karacigerde glikoz tiretimi itk &nce endoplazmik retikulumda
gergeklesmektedir Waddell ve arkadaglan (38), GLUT 7 olarak isimlendirilen basit
diffuzyon glikoz tagiyicist araciligiyla, glikozun endoplazmik retikulum membranma
gectigini gostermisterdir. GLUT-2 ile aminoasid diizeyinde % 68 benzetlik oldugu
gosterilen GLUT 7’in . GLUT 2 den en énemli farki, GLUT 7 in C-terminalindeki
6 aminoasidlik dizilimidir (38). Ttim bunlaa ragmen son yapilan cahismalar
sonucunda GLUT 7'nin  klonlama hatas olabilecedi ihtimali iizerinde
durulmaktadirlar (39)

2.2.8.GLUT S8

Insan ve farelerde GLUT 8 ¢DNA’lari iki ayr1 grup tarafindan (40, 41) izole
edildikten sonra mRNA’s1 8ncelikle bol miktarda testis’de, daha az miktarda ise,
instiline duyarli dokularda, émmegin kalp ve iskelet kasinda varliklan gosterildi (40,
41). Aynca GLUT 8 mRNA’s1 ve proteininin preimplantasyon asamasindaki
embriyoda, beyinde piramidal néronlarda ve dentat girusda ki graniillii néronlarda
belirlendi (42) Streptozotosin (S 1Z) ile deneysel olarak olusturulan diyabetik
siganiarin beyninde GLUT 8 mRNA ve protein diizeyinde bir artisin oldugu gézlendi
(43). Baz1 arastumacilara (42) gdre GLUT 8 in GLUT 4 gibi insiilin tarafindan
diizenlendigi ileri stirtiimektedir.

2.2.9. GLUT 9

Insan GLUT 9 ¢cDNA's Phay ve arkadaslan (44) tarafindan 2000 yilinda
izole edildi ve fruktoz tasiyicist GLUT-5 ile yitksek oranda homoloji gosterdigi rapo:
edildi. GLUT 9, 46-48 kDa civarinda bir protein olup, &ncelikle karacifer ve
bbbrekte yogun olarak bulunmaktadiz. mRNA diizeyinde yapilan calismalarla az
miktarda ince bafirsak, plasenta, akeifer ve lokositlerde meveut oldugu tespit
edilmistir (44) Giniimiize kadar GLUT 9 un glikoz tagima aktivitesi hakkinda
herhangi bir bilgj yoktur.

2.2.10. GLUT10

GLUT 10, protein diizeyinde yogun olarak karaciger ve pankreas’da
bulunurken, GLUT 10 mRNA’s1 az miktarda kalp, plasenta, iskelet kas1 ve bbrekte
bulunmugtur. GLUT 10’ un amino asid dizilimleri, GLUT 8 ile olduk¢a viiksek
oranda homoloji gostermektedir GLUT-10%un taginma aktivitesi hakkinda bugiine
kadar bir bilgi meveut degildir(45).




2.2.11. GLUT 11

Insan GLUT 11 ¢cDNA’si, Doege ve arkadaslan (46) tarafindan 2001 yilinda
izole ediidi GLUT 11, insan fruktoz tastyicist GLUT 5 ile % 41,9 oraninda amino
asid diizeyinde homoloji gdstermektedir GLUT 11 mRNA’s, kalp ve iskelet
kasinda tespit edilmesine karsin proteini sadece insan kalbinde belirlenmigtir GLUT

11’in glikoz tagimminda, hormonal diizenlenmesi ve hiicresel lokalizasyonu
hakkinda bilgl ¢ok azdir (39).

2.2.12. GLUT 12

GLUT 12 ¢cDNA’ s1 gégiis kanser hiicrelerinde, kalp ve prostat dokularinda
tiretimleri gdsterildi (39). GLUT proteinlerinin gen kodlan, lokalizasyonlar tablo 1
halinde asagida 6zetlendi

Protein Gen adi  Kromozom lokalizasyonu Bulundugu doku,hiicre
GLUT 1 SLC2A1 1P35-31.3 (47.7 MB) eritrosit,beyin (vaskiiler)
GLUT 2 SLC2A2 3926.2-27 (186.9 MB) karaciger, pankreas
GLUT 3 SLC2A3 12p13.3 (8.1 MB) beyin (ndronal)

GLUT 4 SLC2A4 17p12 (8.4) kas, yag, kalp

GLUT 5 SLC2AS5 1p36.2 (8.3 MB) ince bagirsak, testis, bébrek
GLUT 6 SLC2A6 9934 (136.5 MB) dalak, 18kosit, beyin
GLUT 7 SLC2A7 1p36.2 (8.2 MB) bilinmiyor

GLUT 8 SLC2AS 9 (129.9 MB) testis, blastosist, beyin
GLUT 9 SLC2A9 4p 15.3-16 (10.2 MB) karaciger, bobrek
GLUT 10 SLC2A10 20q12-13.1(47.3 MB) karaciger, pankreas
GLUT 11 SLC2A1l 22q11.2 (20.8 MB) kalp, kas

GLUT 12 SLC2A12 6q23.2 (145.5 MB) kalp, prostat

Tablo 1. GLUT ailesinin gen adi, kromozom lokalizasyonu ve bulundugu doku, hiicreleri gasteren
bzet tablo (39)

2.3. Insan plasenta morfolojisi ve fizyolojisi

Plasental morfoloji, maternal-fetal iliskiyi diizenlemek, madde ve gaz
tasinimunt kolaylastumak igin en iyi sekilde 8zellesmistir. Fetiis/plasenta yap1 orani
6:1 du Plasenta, difer organlarla kiyaslandiginda, plasentanin tim fonksiyonel
kapasitesi ile ¢alismadig diisiiniilebilir. Ctinki kompleks yapisiyla tistlendigi gorev
sinrlt bir yasam stiresiyle orantilidir. Bir yandan endokrin gérevi iistlenitken diger
yandan fetiis igin gerekli olan tiim metabolitletin alis vetisini diizenler .
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Insan plasentasi, blastosisti‘olusturan iki tip hiicreden biri olan trofoblast
hiicrelerinden gelismektedir Insan plasentasy; fetal (koriyonik plak) ve maternal
kisim (bazal plak) olmak tizere iki kisimdan olusur

Koriyonik plak; amnion epiteli, amnionik mesoderm, koriyonik mesoderm,
prolifere olan kok trofoblast hiicreleri, Langhans fibronoidi ve  Langhans

fibronoidine invaze olmus trofoblast hilcreleri  ve  sinsisyotrofoblastlardan
olusmaktadir.

Bazal plak ise, ekstravillsz trofoblast, endometriyal stroma, fibronoid ve maternal
kan damarlanndan olusmaktadir .

Plasentanin temel gérevieri belli basliklar altinda 6zetlenebilir

-Fetiis’in  yasamini devam ettirmesi ve biiylimesi i¢cin maternal besinleri modifiye
ederek fetiise tahsis eder.

-Fetiisdeki metabolik artik tirtinlerin maternal dolagima taginimim saglar

-Gebeligin devami ve embriyonun gelisimi i¢in hormon sentezler [insan koriyonik
gonadotropin (hCG), plasental laktojen (PL), 8strojen ve progesteron).

-Anne ile fetiis arasindaki gaz degisimini saglar

-Fetiis’e gerekli 1s1y1 saglar.

~Fetlis’{i zararli maddelerden korur (immiinolojik bariyer yapisina sahiptir).

Biitlin bu gorevleri yerine getirebilmek i¢in plasenta ihtivaci olan enerjiyi

sadece pasif tasimimla saglamayip, basit kolaylastirilmis tasima mekanizmasint da
kullanarak thtiyaci olan enerjiyi temin eder.

Fetal plasentauin esas yapising olugturan trofoblastin fonksiyonlar 8zetle su
sekilde siralanabilir

1-Implantasyon esnasinda uterus duvarina invaze olurlar ve implantasyondan sonra
da fetal plasentay: olustururlar,

2-Besin ve metabolizma artiklarinin tasimminda ve metabolizmasinda goreviidirler
3-Maternal immiin sistemin cevabinda rol oynarlar.

4-Sitokin ve hormon iiretiminde gorevlidirler.

U AMEDENIZ LTI IV B I T

TR L L7




Sekil.2. Insan plasentasi UC; gobek kordunu, A; amnion, CP; koriyonik plak, BP; bazal Plak, CL,
korivon Leve, S; plasental septum, M; miyometriyum, P; perimettiyum, IVS; intervillos alan, MZ;
plasenta ile fetal membranlar arasindaki marjinal kisim (47)

Insan plasentas1 hemokoryal tipte olup anne kam ile direkt trofoblast
iliskidedir. Sinsisyotrofoblast hiicreleri ¢ok niikleuslu olup orijinleri olan
sitotrofoblast hiicrelerinin fiizyonu ile olusuriar Sinsisyotrofoblastlarin apikal ylizeyi
maternal kan ile direkt olarak temas halindedir ve bundan dolayr materno-fetal
tasimimda  ve bu  tasimmin  diizenlenmesinde Snemli  gdrevieri vardir
Sinsisyotrofoblast hiicreleri sadece tasima bariyerinde gdrev almazlar, ayrica hormon
tiretiminden de sorumludurlar (47,48,49) Sitotrofoblast ve sinsisyotrofoblast primer
hiicre kiiltiir sistemleri, insan plasental ¢alismalarinda yararh olabilir (50, 51).-Buna
ilaveten bir ¢ok in vitro kariyokarsinoma hiicre kiiltlir modelleri, insan plasentas: icin
iyi bir model teskil etmekte ve bu kariyokarsinoma hiicre dizilerinden (BeWo, Jeg ve
Jar) BeWo hiicreleri, trofoblastlarin  tagima mekanizmalarim anlayabilmek i¢in
olduk¢a kullamighdir (52). Bu kariyokarsinoma hicrelerinin her biri sitotrofoblast
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benzeri karakter gosterirler ve bir dereceve kadar sinsisval trofoblast hiicrelerine
doniisebilme 6zelligine sahiptirler (52).

Plasenta, hem maternal hem de fetal etki altindadir. Anneyi gebelizin degisik
sathalarinda, maternal metabolik adaptasyon seklinde etkiler ve bu adaptasyonu
fetiise yansiti. Besin aracihign ile gerceklesen teratojenez fikri plasentayl anahtar bir
organ yapmustir Ciinkii plasenta maternal metabolik degisikliklert fetiise iletir ve bu
genelde fetiis icin faydalidir. Fakat bazen de bu metabolik degisimlerin iletilmesi
kot sonuglar doBurabilit (53) Son yillarda plasentaya olan ilginin artmasmin
nedenlerinden biri de, postnatal hayattaki hastalik insidans: ile feta] beslenme
arasinda bir 1liskinin tespit edilmis olmasidir (54).

2.4. Sican plasenta morfolojisi

Siganlarda plasenta, koriyo-vitellin ve koriyo-allontoik olmak tizere iki
yapidan olugsmustur Koriyo-vitellin plasenta, gebeligin erken ddnemlerinde
gelismektedir. Gebeligin orta donemlerinde koriyo-vitellin plasentadan, koriyo-
allontoik plasenta gelisit Koriyo-allontoik plasenta gebeligin devam etmesinde ve
fetistin geligiminin diizenlenmesinde daha etkilidir (55) Gebeligin ilerlemesiyle
birlikte koriyoallontoik plasenta morfolojisini degistirir ve bolinerek fonksiyonel
olarak junctional (baglantr) ve labyrinth (labitent) kisimlan olusturur (55)

Baglanti kistm, maternal ara yiizey seklinde konumlanmistn Bu iki kismin
farkli gtrevleri vardir. Baglanti kisum, endokrin ve invaziv gérevleni yaparken,
labirent kisim daha ¢ok tagima bariyeri ve anneden fetiise besin tasimmu kontrold ile
iligkilidir (55) (Sekil 3) (56)
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Sekil 3 Sican embriyo ve plasentasi (56).

Hem labirent hem de baglantili kisimlar: trofoblast hiicrelerinden olusmugtur
Labirent kisim, iki sinsisyal trofoblast hiicre tabakasmdan (I ve II) ve tek bir

sitotrofoblast hiicre tabakasindan olugmug olup hemotrikoryal plasenta yapisim
olustururlar.

Insan plasentasinin tersine sigan plasentasinda sitotrofoblastlar maternal kanla
direkt temas halinde olup sitotrofoblast hiicreletinin altinda ise connexin-26 proteini
ile birbirlerine baglanmis olan sinsisyal trofoblast I ve sinsisyal trofoblast II hiicre
tabakalar1 meveuttur (Sekil 4 ) (57).
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Sekil 4. insan ve sigan plasentasinda materno-fetal dolasim arasindaki trofoblast tabakalari (57)

Sinsisyal trofoblast tabakalannmin altinda ise fetal endotel hiicreleri
bulunmaktadur. Labirent kismin sinsisyal trofoblast hiicreleri besin tasinimim
diizenledikleri gibi fetal attiklarin plasenta araciliiyla maternal dolasima aktarimim
saglarlar (55). Sigan plasentast iginde bir ¢ok in vitro model meveuttur Bunlar HRP-
1 ve Reho-1 trofoblast hiicre dizilerini de igeren bir ¢ok hiicre dizisidir (58). HRP-1
trofoblast hiicre dizileri tamamen labirent hiicre 6nciilerinin fenotipini taklit ederler
Oysa Rcho-1 trofoblast hiicreleri ise baglanti kismin 6zelligini sergilemekte ve bu
hiicreler dev hiicrelere déniisebilme yetenegine sahiptitler HRP-1 trofoblast
hiicreleri, kollajenlerle kaplanmis filtrelerde tek tabakali olarak gelisebilmekte ve
biylece plasentada ilag ve besin tasmimn  modelinin olusumunda
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kullaniabilmektedir Rcho-1 trofoblast hiicreleri, daha c¢ok endokrin ve invaziv
gorevleri iceren dev hiicrelerdir (59)

Sigan plasentasinda ver alan hiicreler ve gorevleri:

Hiicre tipi Plasental konumu Gorevi

Dev hiicre Baglant: kismyu, labirent kisim Salgl, invazyon
Spongiotrofoblast Baglanti kismu Salgi

Glikojenik hiicre Baglants kismu Enerji depolama

Sinsisyal trofoblast labirent kisim Tagimm, bariyer olugturma

2.5, Plasental Tasima

Gebelikte anne-fetils arasindaki metabolizma merkezi plasentadt Plasenta
oldukea kompleks bir organ olup temel gérevlerinden biri de materno-fetal tasimayl
saglamaktir Plasentadan baslica glikoz, amino asid, yag asidleti, oksijen, vitamin ve
minerallerin tasinim gerceklestirili. '

2.5.1 Plasental glikoz tasmimy

Plasenta, hem kendi metabolizmas hem de fetiistin ihtiyaci olan enerjiyi
saflamak igin gerekli substiatlarmn gegisine izin vermektedir Substiatlar maternal
dolasimdan saglanir. Anneden, fetiise plasental bariyerden gecis gergeklesmekte ve
diger yandan da fetiisden anheye de metabolik artik tirtinlerin Omnegin tire, bilurubin
ve CO2 gibi maddelerin tasinimi yapilmaktadn

Insan ve memel plasentalart her ne kadar amino asit ve yag asidi gibi
substzatlan az da olsa enetji kaynagr olarak kullanabilseler de, esas olarak glikoza
bagimli dokulardiz. Bu yiizden plasental glikoz alimi ve metabolizmast ¢ok dnemli
olup giintimiize kadar tam olarak a¢iklanamarmstir (60)

Karbonhidrat metabolizmasi, 6zellikle glikoz, gebeligin gelisimi esnasinda
fetal enetji ihtiyacimn buytik bir bolimuni karsilamaktaduy Insan fetal glikoz
tiketimi fetiisde ortalama dakikada 4-8 mg/kg’dir (61). Insan fetiisi, plasentadan
gecen maternal glikoza siirekli olarak bagimlidi ve plasenta, embriyoya fetal kg
basina dakikada yaklagik 6 mg glikoz transfer etmektedir (62) Fetal dolasimdaki
glikoz diizeyi yaklasik 70mg/dL iken maternal kan glikoz diizeyi yaklasik
100mg/dL’ diy Yogunluklarin bu sekilde olmast anneden fetiise dogru basit ve
kolaylastinilmig diffiizyona izin vermektedir Bir kaynaga gore maternal glikozun %
70, plasental taginmayla fetiise gegmekte geriye kalan % 30 maternal glikoz ise,
plasental metabolizmada kullaniimaktadir.  Plasental metabolizmadaki glikozun %
21 anaerobik glikolizisde, % 2 glikojen sentezinde ve % 7’side plasental pentoz
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fosfat yolunda kullaniimaktadir (63) Memelilerde maternal glikozun % 73,
- plasentadan direkt olarak fetiise tasinimi yapilmakta, plasentada kalan % 25
. glikozun ise % 801 anaerobik glikolize ugrayarak laktata doniismekte, % 2 glikojen
sentezinde, % 15 trigliserid sentezinde kullamilmakta ve % 3 de oksidasyon

- “sonucunda karbondioksite doniismektedir. Olusan Laktat in yine % 75 fetiise ve % i
- 25 lik kasmi da maternal dolasima geri dénmektedir (Sekil 5) (64,65). )
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Sekil 5. Normal ve diabetik

plasentada ki glikoz tasmimit ve metabolizmasinin sematize sekli (TG;
trigliserid, CO,) (65)

Laktat bir ¢ok fetal doku icin mitkemmel bir enerjidit Normal ve diabetik sicanlarda
glikoz ve laktat miktar asagidaki tablo da gOsterilmistir (65)

Kontrol Diabetik
Maternal glikoz 5 5+0.5 mmol/L 19 7+0.2* mmol/L
Fetal glikoz 3 9+0.3 mmol/L 17 3+1.1* mmol/L
Maternal laktat 2 9+0 4 mmol/L 3.0+0 5 mmol/L
Fetal laktat 12.4+1 1 mmol/L 18.8+1.5*% mmol/L

Tablo 2. Normal ve diabetik siganlarda gebeligin 18 Giinlindeki plazma glikoz ve laktat miktari. *
istatistikse] olarak iki gurup arasinda anlaml farkhilik meveut (P<Q 01) (65).
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Karbonhidrat taginimiyla ilgili olarak en erken ¢aligmalardan biri plasental
hekzos tasinmasidir Eaton ve arkadaslar (66) perfiize edilmis Gine domuzlarinda
trofoblastlann aktif olarak hekzos taginimi yaptiklanm géstermislerdir Daha sonraki

- galismalar, tagtyici protein araciligs ile glikoz ve glikoz analoglarimin transplasental
- tagmimi kolaylastirdiginm tespit etmiglerdir (67). Transplasental glikoz tasimmi,

stereospesifik tasiyici aracilign ile ve doyurucu mekanizmalarla gosterilmistir (68)

2.5.1.1 Insan ve sican plasentasinda ver alan bashiea kolaylagtinimis glikoz
tasiyict proteinler

Plasentada kolaylastinlmis diffizyon glikoz tasiyicilanmin meveudiyeti uzun
yillardan beri bilinmesine ragmen, molekiller diizeyde bu tasiyici proteinlerin
gorevleri ve kinetikleri hakkinda ¢ok az sey biliniyordu. Bu tasiyier proteinlerin
izoformlanina kars1 6zgiin antikorlarin ve cDNA problarinin elde edilmesiyle glikoz
tasiyicilann, plasentadaki glikoz tasiniminda ve diizenlenmesinde veni bir dénem
agibmistir

Ik galigmalarda basit diffiizyonla birlikte tasiyici aracilifiyla gerceklesen
basamaklarin varligi gosterilmigtic (69). In vitro perfizyon metotlanni iceren
calismalar sonucunda ise sadece tasiyicr aracilifiyla glikoz transferinin
gergeklesmedigi bununla birlikte bu tagimanm segici ve stereospesifik dzelliklere de
sahip oldugu tespit edildi (70). Gelisen tekniklerin ilerlemesiyle sinsisyotrofoblast
bazal membranlarinda ve mikrovilliislerin purifive olarak elde edilmesiyle bu
¢alismalar daha da ilerleyip D-glikoz tasiniminin hem mikiovilliis hem de basal
membranda aynt karakteristige sahip oldugu tespit edilmistir (71),

Plasentada glikoz alimi birineil olarak GLUT 1 ile ger¢eklesmekte ve GLUT
3 de GLUT 1 in tamamlayicisi, yardumeisi gbrevini (istlenivor gozikmektedir.
Plasentada yer alan diger bir glikoz tasiyici izoformu, son yillardaki caligmalar
sonucu tespit edilmis olup sentez diizeyi az da olsa GLUT 4 tiir.

2.1.5.2 Insan plasentasindaki GLUT 1 dagilimi ve fonksiyonu

GLUT 1 mRNA’s1 insan plasentasinda hem sitotrofoblastlarda hem de
sinsisyotrofoblast hiicrelerinde oldukg¢a bol retilir (15). GLUT 1 proteini plasental
villislerdeki sinsisyal trofoblast hiicrelerinin hem apikal hem de basal plazma
membranlarinda farkli oranlarda meveuttur (72,73). Bu bulgu, glikoz tagmmmin
normal gartlar altinda anneden fetiise dogru oldugunu desteklemektedir GLUT 1 tek
yonli tastyici olmasindan dolayl maternal hipoglisemi esnasinda fetiisten anneye
glikoz gegisini 6nlemekte ve boylece fetiisii korucu bir mekanizmaya sahip oldugu
leri stiriilmektedir. Ayrica hiperglisemik sartlar altinda trofoblast hiicre kiltiriinde
GLUTI dretiminin azalarak diizenlendigi, bdylece maternal dolasimdan glikoz
tagmmiminin sinirlanarak ve yitksek glikoz varhginda GLUT] azalarak diizenlendigi,
sonugta normal fetal gelisimin kontrolu igin bir koruyucu mekanizma
olusturabilecedi hipotezi kurulmustur (74) Plasental fetal endotel hiicrelerinde de
GLUT 1 tiretimi tespit edilmig ve GLUT 1 in fetiise glikoz saglamada direkt olarak
da etkili oldugu bilinmektedir




2.5.1.3 Sican plasentasindaki GLUT 1 dagilim ve fonksivonu

GLUT 1 sigan koryoallontoik plasentada hem baglanti kisminda hemde
labirent kisunda oldukea yogun olarak bulunmaktadir (75) Baglanti kisnun da
‘GLUT 1 tretimi gebeligin orta déneminde oldukca yiiksek iken gebeligin sonuna
.' dogru azalmaktadir (76). Gebeligin orta déneminde GLUT 1 in labirent kismun hem
‘maternal hem de fetal membranlarda oldukca yogun olarak sinsisyal trofoblast
tabaka I ve tabaka II “de {iretimleri tespit edildi (77) GLUT 1’in bu sekilde dagilims
‘nedeniyle transplasental taginmada temel tasiyic1 olduguna bir isarettit, Ekstraselliiler
‘glikoz yogunlugu, plasental GLUT 1 tiretiminde zaman ve yogunluk ihtiyacina bagl
olarak olumlu bir sekilde diizenlenmektedir (78).

.2.5.1.4.. Insan plasentasindaki GLUT- 3 dagihmi ve fonksivonu

Plasentadaki GLUT 3 mRNA diizeyi erken gebelikte oldukea yitksek olup
2.trimester esnasinda ve 3 tiimester de azalmaktadir (79). In situ hibridizasyon
¢aligmalant sonucunda sinsisyotrofoblast hiicteleri icin GLUT 1 in GLUT 3’e gore
daha ¢ok oldufu tespit edilmistit (80). GLUT 3 protein diizeyinin, beyine gére
plasentada ¢ok az miktarda oldugu gériilmiistiir (81). GLUT 3 kinetik ozelliklerine
gore sinsisyotrofoblastlarda meveut olmas: geliskili olup term plasentasindaki
villislerde de tespit edilememistit (82) GLUT 3 ekstravillsz dokularda, 6ncelikle
amnion epitelinde, fetal membranlarin sitotrofoblast hiicrelerinde bulunmusgtur (83).
Jar koriyokarsinom hiicre dizilerinde, GLUT 3 mRNA iiretiminin differansiyasyona
bagh olmasi (84), proliferatif Jar hiicrelerinin yitksek diizeyde GLUT 3 sentez
etmeleri ve differansivasyon sonrasinda GLUT 3 mRNA s ve ptoteinin tespit
edilememesi ilgingtir (84) Bu bulgular géstermistir ki trofoblast hiicrelerinin
proliferasyonu esnasinda metabolik glikoz ihtiyacmmn kargilanmasinda GLUT 3
6nemli olabilit (84) Insanda GLUT 3 proteini firetiminin sinsisyal trofoblastlarda
yoklugu ve in vitro olarak proliferasyon ve differensiyasyonla iliskili olmasi, GLUT
3%tn geligen fetiise glikoz tasimminda temel kolaylagtiric tastyict proteinlerden bir
tanesi oldugunu ditsiinditrmektedir

2.5.1.5. Sican plasentasimdaki GLUT 3 dagilim ve fonksivonu

GLUT 3, yogun olarak sigan koriyoallontoik plasentada labirent kismin
maternal ylizeyinde sinsisyal trofoblast membranlarmin apikal kisminda iiretilir
(85,86). GLUT 3 iiretimi gebelik boyunca artmakta (64,76), fonksiyonel olarak da

fetiisi maternal hipoglisemi ve hiperglisemiden korudugu hipotezi ileri
stiriillmektedir (75)

Glikoz tagimumi yogunluk gradyeni yéniinde gerceklesmekte ve maternal
hipoglisemi esnasinda glikoz, fetiisden anneye dogru hareket etmektedir. Boylece
fetlis normoglisemiyi saglamaktadir Plasentada sadece labirent kisimda maternal
yizey membranlarinda meveut olan GLUT-3 tin Km degerinin diisiik olmast,
fetiisden anneye glikoz gegisini oldukca vavaslatir. Normoglisemik sartlarda, GLUT-
1 in Km degeri GLUT-3 den biiyitk oldugundan dolay: glikoz tagmmumi fetiise
dogrudur (75)
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Streptozotosin ile olusturulmus diabetik siganlarda plasental GLUT 3 mRNA
_ve' protein diizeyi 4-5 kat artar (85). Buna tezat olarak GLUT-1 {iretimi kontrol
icanlarla mukayese edildiginde relatif olarak hemen hemen tamamiyla degismedigi
szlenit GLUT 3’{in sigan plasentasinda &zellikle fetlisdeki normoglisemik sartlarin
evam etmesi i¢in kolaylastiriimus glikoz tasima mekanizmasinda koruyucu rolii
“oldugu tespit edilmistir (85)

2.5.1.6. Insan ve sican plasentasimdaki GLUT 4 daglim; ve fonksiyonu

: GLUT 4 iin plasentada iiretilmedigi (82) veya plasental villiis sttomasinda az
'miktarda GLUT 4 mRNA ve proteini icerdigi (87) ifade edilmesine karsin amniyon
fibroblastlarinda ve koriyonik plagimn bag dokusunda GLUT 4 iiretildigi bildirilmistir
- (83).

. 2.6. Plasental aminoasid tasimimi

Fetiisde, protein yapiminda gérevli olan amino asitler, oksidatif enerji
kaynag1i ve metabolik degisim esnasinda karbon ve nitrojen kaynag: olarak ta gorev
yapatlar (61). Plasental amino asid taginimi enerji bafimli bir olay olup buna aerobik
metabolizma ve “glikoliziz” inhibitdtleri engel olmak isterler (61). Plasenta da amino
asid taginimi, tasiyicr aracihiiyla oldugu tespit edilmis ve yogunluk gradyeni
anneden fetlise dogru yiikselip diismektedir (88)

Tlm aminoasitler, 1. trimester esnasinda zorunlu olarak plasentadan fetiise
tasinmaktadir. Ciinkdi, fetal karaciger aminoasit sentezini gergeklestirememekiedir.
Plasental aminoasit gradyeni hem fetal hem de maternal plazma gradyeninden
yitksektit  Bundan dolayr maternal plazma ile plasenta arasinda aktif tagima
gergeklegitken, plasenta ile fetal plazma arasinda  kolaylastmilmis tasima
gerceklesiyor olabilir  Aktif  amino asid tagmimu hiicie bariyerleri arasinda
gergeklesmekte ve igerdikleri 6zel yikler ve Na' ya bagimh bir ¢ok farkli tasima
sistemi tarafindan diizenlenmektedir (89,90)

2.6.1. Katyonik ve anyonik amino asid tasiyicilan

Katyonik amino asid tasiyicilarinin arginin ve lizin gibi temel van zincirlere
sahip olan amino asidlere affinitesi vardu. Katyonik amino asid tasiyrcilarimn biiyiik
bir kisminin plasentada fonksiyonel oldugu tespit edilmistir (91,92)

Sigan koriyoallontoik plasentasinda hem maternal hem de fetal membran
yiizeylerinde farkli iki adet Na+'dan bafimsiz olan katyonik amino asid tagiyic:
sistemi bulunmustur. Bu iki Na+ katyonik amino asid tagimum sistemi birbirinden
losine olan farkl duyarliliklan ile aynlirlar Lisine duyarli katyonik amino asid
tagtyicilarimin aktivitesi, hem maternal hem fetal membran yiizeylerinde gebelik
yasiun artmastyla birlikte artar (93,94) Insan plasentasinda 8zgiin anyonik amino
asid tagiyicilan hakkinda fazla bilgimiz yoktur Sigan plasentasinda tespit edilmis
baz1 tagtyicilar gebeligin 14. ile 20.giinlerinde sigan kariyoallontoik plasentasinda
Northern, Western Blot ve immiinohistokimyasal analizleriyle tespit edilmistir (95).
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Bu sonuglar 151ginda spesifik katyonik ve anyonik amino asid tasimim proteinlerinin

fetiiste bir regiilasyon mekanizmas: sagladipin gostermektedir.

2.6.2. Notral amino asid tasiyicilari

Plasentada genel olarak notral amino asidler icin 3 gesit nétral amino asid
_-ta$1yicl sistemi kabul edilmektedir (96). Bazi amino asid tastyicilarin hem nétral hem
“de katyonik amino asidleri tagiyabilme kapasiteleri vardir.

;7. Plasental yag asidi tasinim

Temel yag asitleri, temel besinler olup, fetitsiin gelisimine bityiik katkida
bulunurlar (97) Doymamis yag asitleri icinde en 6nemli olanlar n-3 ve n-6 seklinde
“siniflandirtlms olanlardir. Fetiis plasentadan gegen temel yag asitleri i¢in maternal
-dolagima bagimh olup bunlann transferi bityiik bir miktarda direkt olarak anneden
fetiise dogrudur (98). Temel yag asidler, fosfolipid sentezini, miyelin biyosentezini,
‘gangliyosidaz, glikolipoliz, spingiolipidlerin sentezini icermektedirler (98) Temel
‘yag asidlerinden n-3 ve n-6 serileri, prostoglandinler, prostosiklinler, 16kotrienler,
‘trombosinler, elikosanolikler ve lipoksinlerin sentez ve hiicre-hiicte sinyallerinde 10l
‘alular (99) Yag asidlerinin plasentadan tagimimi, fetal beyin gelisimi (97) fetal
btiytime gelisimi, kardiyovaskiiler ve akciger gelisimi igin oldukga Snemlidir (100).
Yag asidi tagmimi bir ¢ok anahtar piotein tarafindan reglle edilmektedir
Regiilasyonu saglayan proteinler sunlardir; plasma membran vag asidi baglanma
- proteini (FABPpm), yag asidi translokaz (FAT), yag asidi tasiyici proteini (FATP) ve
sitoplazmik yag asidi baglanma protein ailesi (FABP) olup FAT, FATP ve FABPpm
plazma membraminda yag asidi tastyscilan olarak tammlanmusglardir. (101).

2.8. Plasental oksijen tasinimm

Trofoblastlar maternal spital arterlere invaze olarak ve bu arterlerin bir
kismim da bloke ederek embriyoya hem gerekli oksijeni temin ederler hem de
embriyoyu maternal yiiksek oksijen yogunlugundan korurlar. Fetiise oksijen transfeti
maternal ve fetal oksijen basincina baghidir Fetal hemoglobinin oksijene olan yiiksek
affinitesinden dolayr embriyo, diisiik plazma oksijen basmcina sahiptir ve maternal
plazma oksijen diizeyinin de yiksek olmas nedeniyle oksijenin tasinim
kolaylastiilmus diffiizyonla gergeklesmektedir (102) '

2.9. Plasental vitamin ve mineral tasinimi

Plasentada taginimu yapilan vitaminler arasinda, lipidde ¢Gziinenler ile suda
¢Ozinen vitaminler arasinda bilyitk fark vardir. Lipidde ¢Oziinenlerin oldukga az
miktarda taginmakia ve bunlarin gdbek kordonundaki yogunlugu ¢ok diisiiktiir Suda
¢Oziinebilenlerin tagimmu ise gébek kordonu plazma yogunluklari, maternal kan
yogunluklanindan fazla oldugu igin aktif tasinimla olduk¢a fazla miktarda
gergeklesmektir.  Vitamin C; aktif tasinma, Na/K ATPase bagimli, plasentada
sentezlenir. Thiamin (B1), Riboflavin, Niacin, Vitamin B6 vitaminlerinin tasinimi
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aktif tasima ile gerceklesmektedir Vitamin BI2 ise “transkobalamin® reseptér
raciligiyla, Vitamin A retinol baglanma proteini ile endositoz yoluyla plasental
qmmi gerceklesmektedir, Folik asid ve Vitamin D ise kolaylastintlmis diffiizyon,
amin E, Vitamin K da pasif diffiizyonla plasentadan taginimlan gergeklesmektedir
103).. Kalsiyum . magnezyum ve demir aktif tasmmma ile bakir ve nikel ise
kolaylagtirilmus diffiizyonla plasental taginim yapilmaktadir (103),

; 210 Preimplante gelisim doneminde embriyodaki glikoz tasinimi

Bir ¢ok canli tiiriinde embriyo, blastosist asamasina kadar esas enetji kaynag
_'blan kendi glikozundan yararlanamaz Blastosist asamasina kadar olan evrede
embriyo glikoz oksidasyonu ve glikoz tagima sistemi igin gerekli tiim imkanlara
~sahip olmasina ragmen enetjisini daha ¢ok okside kaynaklardan Ornedin piriivat ve
laktat’tan temin eder Blastosist donemine kadar embriyolarda pirtivata bagimlilik ve
- blastosist agsamasindan itibaren metabolizmanin degisip glikozu enerji kaynag olarak
- kullanmaya baslamasinin mekanizmasi bugiine kadar tam olarak agik]lanamamistir
* Blastosist asamasindan &nceki  dénemlerde glikoliz  bloklanmasi, embriyoda
fosfofruktokinaz asamasimn  bloklanmasindan kaynaklandift ve embriyonun
- glikozdan faydalanamadig: ileri siirtilmiigtiir (104) Hekzokinazlar ile glikoz alim
aktivitesi arasinda bir  korelasyonun varlifi, blastosist dncesindeki dénemde
hekzokinazlarin aktivitelerinin yeterli olmayis1 ve bunun sonucunda fosfofruktokinaz
igin yeterli miktarda glikoz-6-fosfat {iiretilememesi sonucunda “glikoliziz™
bloklanmasina sebep olmakiadir (104). Diger yandan, zigottan blastosist asamasina
kadar, glikoz yoklugunda, in vitro olarak embriyonun gelistifi ve bu dénemde enerji
kaynagi olarak piriivati kullandi1 bir Olgtide tespit edilmigtir (105).

Tavsan blastosistinde yapilan immunogold calismalaiinda, GLUT 1, 6zellikle
trofoektodermin basolateral membranlarinda tespit edildi (106). GLUT 1 mRNA’si
fare embriyolarinda biitiin preimplantasyon asamalarinda gésterildi. Diger yandan 8
hiicreli agamada GLUT 2 mRNA’s: tespit edilitken GLUT 3 ve GLUT 4 tespit
edilemedi (107) Tavsan embriyo calismalaninin  tersine farelerde  yapilan
immunoelektronmikroskopik ¢aligmalarda  GLUT 1’in  embriyoblastlarda ve
trofoektodermin apikal ve basolateral membranlari boyunca rastgele bir dagilim
gosterdigi tespit edildi GLUT 2 proteinin ise trofoektodermin basolateral ve
blastosist bosluguna bakan i¢ hiicre kitlesi hiicreleri membranlarinda gbzlenmesi
(108) ilgi cekici idi Blastosist evresinde glikozun 300 kat taginma miktarimin
artmasina paralel olarak GLUT 1 iiretiminin sadece 20 kat artmasi, GLUT 1%in
trofoektodermin apikal membranlaninda, maternal glikoz tagimimindan sorumlu
olmadigin1 gostermektedir (109) GLUT 2 ise GLUT 1’e gore daha yitksek bir Km
degerine sahip oldugu i¢in bu gérevi yerine getiremez GLUT 1 ancak basolateral bir
tagiyicl olarak kabul edilmektedir. Buna karsin blastosist glikoz tasimimina model
olarak trofoektoderm epitelinin apikal kisminda mtmkiin oldugunca diisiik Km
deferine sahip bir tasiyierya ihtiyag vardir. Aymi zamanda diigik uterin glikoz
yogunlugundan embriyoblastlara glikoz temin edebilmeli ve aptkal kisimdan da
embriyoblastlara glikozun tagimmini saglayabilmelidir. Panteleon ve arkadasglar1
(110), GLUT 3’ blastosistin apikal membranlarinda, GLUT 1 ise trofoektodermin
ve embriyoblastlanin basolateral membranlarinda tespit etmislerdir (Sekil 6) (111) .




GLUT 3 tin oldukca disik Km degerinin olmas; ayrica glikoza kargi yitksek
atfinitesinin olmas: uterinal sivida bulunan diisiik diizeydeki glikoz yogunlugunun
tasiumi igin  idealdir  GLUT 1’ip asimetrik  bi; kinetige sahip  oldugu
distiniildiigtinde embriyoblastlardan blastosit bosluguna ve blastosit boslugundan da

Sekit 6: Blastosistlerdeki glikoz taginim mekanizmas: ve by mekanizmada rol alan glikoz tasiyici
proteinler (111)

2.11. Gebelik esnasinda plasental glikoz tagtyictlarinin fonksiyonu

Gebelik esnasinda plasental glikoz tagintmuyla ilgili bilgiler birbiriyle
ihtilaflidir Plasental glikoz tastyict izoformlarinn lokalizasyonu ve tiretimiyle ilgili
meveut bilgiler, bu tasiyicilarin cesitli tagima gérevine sahip oldugu hipotezini
desteklemektedir, Maternal-fetal ~ glikoz tasinmasi, GLUT-1  araciligiyla
sinsisyotrofoblastlarin mikrovilliis ve basal membranlarinda  gergeklesmektedir .
GLUT-1, sinsisyotrofoblastlarin mikroviliiis membran ytizeyinde ve basal membran




ylizeyinde asimetrik olarak bulunmaktadir. Basal membran glikoz tasiyictlari, trans-
sinsisyal glikoz tasinmasim simitlayan bir bariyer gibi gorev yaparak normal kan
akisinin - muhafaza edildigi  sartlarda  basal membrandaki glikoz tasiy:cilarn,
transplasental tasimay: sinurlayabilmektedirler (113). Béylece basal membran tasima
kapasitesi, mikrovillils membran tasima kapasitesinden cok daha diistik olmaktadir.

Sonugta, maternal kandaki glikoz diizeyi artarsa transplasental glikoz naklinde
sinirlama olabilmektedir.

Diger yandan plasental dokularda GLUT I proteininin mikrovilliis ve basal
membranlardaki yoguniugu gebeligin 16-22, 27-30 ve 31-36 haftalarinda Olctilmiis
ve sonugta gebelik haftalan arasinda GLUT | igin mikrovilltis membranlarmda bir
fark gozlenememistir (73) Ajyrica, in situ hibridizasyon ¢alismalarinda gebeligin 16-
22 haftalan ile term arasinda GLUT-1 mRNA’s; bakimindan bir fark goriilmemekle
birlikte basal membran fraksiyonlannda 16-22 ve 27-30 hafia petiyodlarinda
ortalama iki kat tasiyic1 sentezi ve aktivitesi gbzlenmigtir (80). Bu artis belki de
term‘e dogru plasental glikoz taginimin artisindan  sorumlu olabilir Sakata ve
arkadaglar (79) plasental GLUT 1 mRNA’ss i¢in gebeligin 7-10 ve 18-20 ve 38-40
haftalan arasinda her iki grup ile term arasinda mikrovillils ve basal membran
parcaciklarninda % 50 artis oldugunu tespit etmislerdir. Gortildugi gibi calisma
sonuglar ihtilaflidir

Diger taraftan cevabi aranan baska bir soru ise, maternal ve fetal plazma
yogunluklari ile tasima arasmdaki bir iliskinin olup olmadigidu. Sinsisyotrofoblast,
intraselliiler alana serbest glikoz gecmesini saglayarak fonksiyonel olarak maternal
ve fetal plazma yogunluklarindaki degisikligin normale dénmesi i¢in bir bariyer gibi
gorev yapmaktadir. Bu sekilde maternal-fetal dolasimdaki glikozun normal diizeyde
kalmasim saglar Sinsisyotrofoblast tarafindan fazla miktarda ahnan glikoz,
hekzokinazlar tarafindan fosforile edilerek glikoz-6-fosfat tarafindan da defosforile

edilmektedir (114) Fakat bu mekanizma asamalannin transplasental tasimaya etkisi
bilinmemektedir.

Glikoz tagiyicilarmin mikrovilliislerdeki yitksek yogunlugunun bir baska
sonucu da intrasinsisyal glikoz yoguniugunu, maternal plazma diizeyinde muhafaza
etmektir Béylece sinsisyotrofoblast ve fetal plazma arasindaki metabolik kayiplara
ragmen en {ist diizeyde gradiyent olusturutur. Basal membran GLUT-1 iretimi veya
aktivitesi transplasental glikoz taginmasina, 8zellikle de gebelik gelisiminde ve
diabetik gebeliklerde olduk¢a etkilidir. Sinsisyal glikoz tasiyic: roliine ilaveten
GLUT 1’in endotelyal GLUT 3’le birlikte anneden fetiise trans-sinsisyal glikoz
tagimminda rol oynayabilecegi hipotezi mevcuttur (87). GLUT 1’in endotelyal
hiicrelerdeki sentezi ve roliinti Hahn ve arkadaglari (115) gostermistir Diger taraftan
plasental kapiller endotel tabakalarimn geeirgenligi dusiiniildiigiinde, glikoz gibi
kiictik agniikli molekiiller i¢in ne GLUT 3 nede GLUT I’in bir roliiniin olmas
ihtimal dahilinde degildir (116) ‘
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2.12, Rahim I¢i Biiylime Geriliginde (IUGR) glikoz tasiyicilan

Fetal biiyiime ve gelisim icin glikoz ¢ok dnemli olmasina ragmen patolojik
sartlar altinda glikoz tasiyicilarinin faaliyeti ve sentezi hakkinda ¢ok az bilgi vardir.
Term ve gebeligin énceki haftalarinda GLUT | i¢in mikrovillis ve basal membran
orneklerinde TUGR olan fetiislerde bir farkhilik gortilmemistir (73). IUGR’deki fetal

plazma glikoz yogunlugu anormalligi belki Insilin benzeri bilytimr faktor I (IGF-I)

gibi faktorlerin, GLUT 1 firetimini degistirmesi ile agiklanabilir TUGR sartlart
altinda plasental glikoz tagiyictlar etkisiz olarak goriilmektedir. Fakat veterli sayida
ve homojen olarak TUGR 6inekleri incelenmediginden, GLUT 1 senteziyle ilgili
olarak plasental glikoz tasiyrcilarinin gorevi hakkinda yorum yapmak eksik kalabili;

2.13. Diabetik gebeliklerde glikoz tasryicilar:

Glikoz fetal oksidatif metabolizma igin en 6nemli maddedir Insan fetiisii
plasentadan gecen glikoza bagimhdir (62) Ciinki embriyonun kendisinin glikoz
tretimi ¢ok disiiktiir Plasenta maternal dolasimdan glikozu almakta ve bunun 3/4
intin fetal dolasima tasimi gergeklestirmekte geri kalan 1/4 tinude kend;
metabolizmast igin kullandmaktadir. Glikozun sadece maternal yonden fetal yone
laginmas: gergeklesmemekie ayni zamanda maternal hipoglisemik sartlarda fotal
dolasimdan maternal dolasima da geri tagmimigergeklesmektedir  (117).
Kolaylastinlmis tasima sistemi maternal glikozun plasentadan kolayca fetal dolagima
gegmesini saglar Fakat bu durum diabetik gebeliklerde fetiis igin bitytik bir risk
yaratir. Ciinkd, maternal hiperglisemi, fetal hiperglisemiye sebep olmaktadir. Fetal
hiperglisemi sonucunda fetal insiilin sekiesyonu artmakta ve fetal biiyiimede
anormallikler olusmakta, makrosom; gelismekte ve bir seri komplikasyonlar
sonucunda gebelik son bulmaktadir By yiizden transplasental glikoz taginimi
diabetojenik anomali gelisiminde oldukca 6nemli bir role sahiptir.

Plasental glikoz metabolizmast diyabetlilerde agikca maternal veya fetal
hormonlar tarafindan kontrol edilip edilmedigi tartismalidir (118) Plasenta insiilin
icin gegirgen degildir fakat oldukca fazla insiilin reseptdriine sahiptir Plasentadaki
insiilin etkisi daha tam olarak agiklanamamigtir, Gebelikteki, tip IT diabet ve gebelik
diabetinin plasental metabolizmaya etkisi hakkinda hala ¢ok az sey bilinmektedir

Plasental metabolik ve endokrin fonksiyonlar genel olarak hayvan deneylerinde STZ
ile yapilan galismalarla agiklanmaya ¢aligtlmusti (] 19).

Maternal-fetal glikoz transferinde GLUT 1 degisikliginin etkisini saptamak
dogumdan &Snce fetal plazmaya ulagmanin giicliigtinden dolayr olduk¢a zordur
GLUT 3 ve GLUT 4 mRNA ve protein diizeyinde insiilin bagimli diabetlilerde
etkisizdir (87, 120) Bu sonuglar plasental glikoz tasmiminim diabetik gebeliklerdeki
makrozomik bityiimeyle ilgili oldugunu gosterebilir Gerek diagnoz dncesinde olsun,
gerek kontrollu bir perivod esnasinda, maternal hiperglisemi, fetal hiperglisemiye
sebep olmaktadr Fetiis’de  bunun akabinde IGF-I gibi faktsr iiretiminde artig
gergeklesir ve bu faktdrler sinsisyotrofoblast bazal membranlarindaki glikoz
tasimasinda artis saglar Transplasental glikoz tasima fetal biiyiime faktéilerin
sekresyonu ve sitimiilasyonu  ile siirekli iligki halindedir. Sinsisyotiofoblastlarn
bazal membranindaki glikoz tastyicilarmin  tiretimindeki arttg, fetal biiylime
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sekresyonu saglanmaktady Bundan dolayr da fetal biiyiime de diizensizlige yol
agmaktadir IGF-] potansiyel diizenleyici faktsr olarak kabul edilitken, insilin
reseptorl sinsisyumun bazal membraninda meveut olmadigindan, insiilip diizenleyici
bir faktér olarak kabul edilmemektedir (121).

E

gelisim boyunca olduk¢a yopun olarak tiretilen ve sinsisyal trofoblast hiicrelerinde
meveut olan teme] bip glikoz tasiyrcisidir. Bununla beraber, Ozellikle, Si¢an
plasentasinda GLUT-3 ile asimetrik bir dagilim gostermektedis. Plasentada GLUT 1
ve GLUT 3 temel glikoz tastyicisiditlar ve GLUT 4 ise plasental tasimimda sadece
yardimer glikoz tagiyic proteindir.

Glikoz tagtyicilarmimn bir ¢ok hiicrede ve dokuda cesitli faktorler tarafindan
ditzenlendigi ileri strilmiistiic. Bu faktérler; glikoz, glikolitik substatlar (122),
instilin ve IGF’lerdir (123) Plasental hiicrelerde by faktorlerle ilgili sonuglar birbirine
tezattir Diger taraftan bir ¢ok aragtirmaci, plasental glikoz tasiyieilarina cevaben,
ekstraselliiler  glikoz yogunlugunun  degisip degismedigini aragtirmislardir,
Hiperglisemi etkili trofoblast hiicre  kiiltiirti deneylerinde ekstraselliiler glikoz
yogunlugu 20 mM’dan biiyik esit oldugu sartlarda, GLUT-] mRNA’sinmn azalmg
olup, protein iiretimi ve aktiviteside diisme gérulmiistiir (74, 124, 125). Ayrica,
ckstraselliiler glikoz yogunlugunun 20 mM’dan kiigiik esit oldugu kosullarda ise,
bazi arastirmacilara gore GLUT 1 mRNA ve proteininin azaldig (126) bazilarina
gore ise etkili bir degisim aktivitesinin olmadigi ileri stirtilmektedi (74)
Ekstraselltiler glikoz yogunlufunun 1-12 mM arasinda iken GLUT | protein
Uretiminin  etkil olmadigi tespit edilmistic (124) GLUT 1 tiretim miktar,
ekstraselliiler glikoz yogunluk miktan1 ile normalde paralellik géstermektedir
Diabetik plasentalarda sinsisyotrofoblastlarin basal membraninda GLUT 1’in arttig
tespit edilmis ve bundan dolayr GLUT 1’in hiperglisemiye difer faktSrler gibi etkili
oldugu distinii)mektedir Simdiye kadar hangi sartlar altinda GLUT sentezinin
degistipi yada bunun i¢in tetik cekici ajanin glikoz yada hangi proteinler oldugu
konusu aydinlatilamamigtir

Ekstraselliler glikozun etkisi konusundaki farkl sonuglatin en Snemli
nedenlerinden birj deney modelleridir Primer trofoblast hiicre kiiltiir yaptlan
trofoblast hiicrelerin orijini icin farklihklar gézlendigi, hiicre kiiltiir sartlarn ve
hiperglisemik inkiibasyon siiresi ve hiperglisemik inkitbasyon dncesi zaman
agisindan farklihiklary goriildiigii ileri strilmisstiir (74, 124 | 125,126 ). GLUT 1}
izoformu igin 1-12 mM ckstraselliler glikoz yogunlugunda koriyokarsinoma
hiicrelerinin cevaby primer trofoblastlarinkiyle aymdi (127). Ne Jar nede JEG-3

olmadig: gorlilmiistir (124, 128) | Diger yandan plasentadaki glikoz tasﬁunn veya

tastyicilarinin diizenlenmesiyle ilgili olarak glikoz haricindeki faktérler hakkmda
bilgi olduk¢a azdir ED27 ilk trimester trofoblast hiicre dizisinde insiilin, IGF-I ve
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IGE-1I etkisi arastirimis ve bunlarn 60 dakikalik
cytochalasin-f ile inhibe olabilen 2-deoxyglucose aliniminy arthgr tespit edilmisti
(129) Daha sonraki deneylerde, insiilinin glikoz taginim aktivitesinj arttudidina
yOnelik olup instilinin, GLUT ] MRNA sentezi ile de iligkili oldugu tespit edilmistir,

Insiilinin maksimal etkisi 24 saatlik inkiibasyon sonundg ortaya ¢ikmakta ve GLUT ]
sentezi artmaktadir (126 )

bir inkitbasyon Zamanindan sontg

Insiilin, sinsisyotrofoblastiardaki mikrovilliislerde GLUT 1 i azaltuken
basal membrandaki GLUT I proteinini arttirmaktadiy (124). Insiilinin, by etkisini
sadece IGF-I tip reseptorityle ve Instilin teseptoriiyle ile degil ayrica ilk trimester ve
term’de plasental hiicrelerdeki farkli reseptérler izerinden gergeklesen etkisivle de
etkili olabilecegi diistintilmektedir (121,129, 130)
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GEREC ve YONTEM

3.1. Sigan utero-embriyonik dokunun elde edilisi

Arastiumada daha énce deneye girmemis ve ¢iftlesmemis Rattus norvegicus
tiirt ortalama 90 giinliik, 64 disi ve 32 erkek sican kullamldi. Normal yem ve musluk
suyu ile beslenen sicanlar iki disive bir erkek olacak sekilde kafeste bir gece
birakildiktan sonraki sabah sicanlara vajinal simir yapildi Mikroskopta bakifan
simir preparasyonlar ile spermiyum tagiyan siganlar belirlendi ve bu hayvanlarin
gebelifin sifirmer giintinde oldugu kabul edildi

Bu c¢aliyma, gebeligin 1-8 giinler arasinda yapilmas: planlandigindan,her
gebelik giinti i¢in 8 sicandan olugan bir grup olmak iizere 8 ayr grup olusturuldu
Gebelige bagli olarak implantasyon alanindaki damarlarin permeabilitelerindeki
artts, organizmaya damardan verilen baz boyalarin bu bélgelerde birikmesine yol
actif1 bilinmektedir. Sican uterusunda implantasyon alanlanm saptamak igin, eter
anestezisi altindaki deneklere, atka sag ekstremite femoral veninden, NaCl'de
¢ozitlmils Iml %1'lik evans mavisi verildi 10 dakika sonta, karin 6n duvari agilan
hayvamn uterus boynuzlarinda evans mavisi ile boyanan balgeler desidual reaksiyon
alanlan, diger bélgeler ise desidualize olmayan béligeler olarak belirlendi. Uterusun
desidual alanlarindan doku &rnekleri alimp 1000 m! distile suda %40°lik 100mi
formalin, 5ml glasiyal asetik asid, 40 gr pikiik asid, 2,5 gr bakir asetat iceten
Holland fiksatifinde 4-12 saat tespit edildi. Daha sonra 24 saat musluk suyunda
yikanan dokular sura ile %70, %80, %90, %96 ve %I00'lik alkol serilerinde 24’er
saat tutularak dehidrasyon isleminden gecirildi. Ksilol i¢inde 3 defa 5'er dakika
bekletilerek seffaflandimildi 58 dereceye ayarli parafin firminda dokular 3 defa 30
dakikaltk parafin banyosunda tutulduktan sonra etiiy diginda temiz erimis parafinle
bloklandi  Parafin bloklardan alman 5-7 mikron kalmhgindaki kesitlere
immunohistokimyasal teknik uyguland:.

3.2 Parafin Kesitler icin immunohistokimya protokolii

superFrost Plus lamlara (Novoglas, Berne Isvic;re) alinan parafin kesitler, bir
gece 40 OC de etitvde bekletildikten sonra 3 defa 10%r dakika ksilolden gegirildi
Daha sonra derecesi giderek azalan alkol serilerinin her birinde 5%er dakika (%100,
%96, %90, %80, %70) bekletildi Distile suda 3 defa S'er dakika calkaland:.
Dokudaki antijenik maskelenmenin ortadan kaldirilmas i¢in mikrodalga finna alind




200 m] Sitrat tamponu (pH:6, 1000ml distile suda 2,1 gt sitrik asid ve 15ml NaOH)
icine almman lamlar mikrodalga finnda 750 Watt'da 2 defa S'er dakika tutuldy

dokulann ¢evresi hidrofobik kalemle ¢izilip fosfat tuzu tamponuna alindi Takiben
PBS (PBS, pH:7 2-7.4) ile 3 defa S'er dakika muamele edildi Bir sonrakj basamakta
ise dokulardaki hidrojen peroksidaz aktivitesini ortadan kaldirmak i¢in kesitler 20
dakika % 3 hidrojen peroksid ile muamele edild; Kesitler 4 ayn sale kabinda
bulunan PBS isleminden gecirildikien sonra oda sicaklifinda nemli ortamda kesitler
oda sicakhifinda 20 dakika non-immiin  keci serumuyla bloklanip  yikama
vapimadan  sadece  serumlar dokitlip  dokular 60  dakika GLUT-1
(CGLFHPLGADSQV), GLUI-3 (N SMQPVKEPGNA), GLUT-4
(CTELEYLGPEND) ve GLUT-5 i¢in (ELKELPPVTSEQ) (hepsi Chemicon,
Temecula, CA) C- terminal sequenslerine karsi olarak Uretilmis tavsan poliklonal
antikorlariyla inkibe edildj Primer antikorlar 1:1000 (GLUT), 1:500 (GLUT3),
1:100 (GLUT4) ve 1:500 (GLUTS) olacak sekilde antikor diliisyon solusyonuyla
(Dako, Carpinteria, CA) dilile edildi Bir sonraki basamakta 4 defa S'er dakika PBS
isleminden gecirildi, Kesitler daha sonra 40'ar dakika biyotinli sekonder antikorlarla
(Universal LSAR Dako) ve streptavidin-peroksidaz (Universal LSAB Dako)
kompleksi ile boyandi Dokular PBS ile yikandiktan sonra kromojen olarak Amino
Etil Karbozol (AEC) ile dokularda kumiz; bir renk olusuncaya kadar ortalama 3.5
dakika muamele edildi Daha sonra Mayer hameleum (Merck Darstadt Almanya) ile
zit boyama yapihp, distile suda calkalanip 3 dakika akar musluk suyunda yikand:
Kaiser gliserol jelatin (Merck) kapatma solusyonu ile kapatildi Kontrol kesitler] igin

plasentalart kullanmildy 1k trimester plasentalar disseksiyon mikroskopi altinda
koriyonik plak ve desidual plak olarak belirlendi ve sivi nitrojene alind

3.4, SDS-poliakrilamid jel elektroforez ve Western-Blot

Insan plasental villils dokular homojenize edilip bir kisrm (100 mikrolitre)
proteaz inhibitér kokteyli (Boehringer, Mannheim, Almanya) ile inkiibe edilerek
protein yogunluk miktarlan Lowry metoduna gore ( Lowry et al 1951 136) tespit
edildi Geri kalan kismi laemli sample buffer (Sigma, Taufkirchen, Almanya) ile
inktibe edildi. Numuneler 100 000g de 1 saat 4 C de santrifij yapilarak siipernatant
kisimlar: almip 20 C almd; Llektroforez yapmadan 8nce 3 dakika 100 C de
numuneler su igindeki kapta 1s1tma islemene tabi tutuldy 7 8-18 lik hazir gradiyent
jeline (ExcelGel; Amersham Pharmacia Biotech, Freiburg, Almanya) numuneler
pipet yardimiyla her kutucuga 10 mikrolitre olacak sckilde protein miktarlan esit




olarak konulup, SDS hazir katot ve anotlan (ExcelGel; Amersham Pharmacia
Biotech, Freiburg, Almanya) jelin iizerine karsilikli olacak sekilde yerlestirildi
Numuneler 150 dakika 600V/50mA/30W da yatay elektroforezde yiirtittildii

Bu esnada nitroselliloz membran (Amersham Pharmacia Biotech), iistte ve
altta 4 er adet filtre kagdi olacak sekilde 0.2 mol/l glisin, 25 mmol/tris ve % 20
metanol igeren semi-dry elektroblotting  solusyonunda isleme tabi tutuldu
Yriitillmiis jel nitroselliiloz membranin tizerine alinarak jelde bulunan proteinler 45
dakika 30V/100mA/6 W’ta nitroselliiloz membrana transfer edildi. Transferin
basartli oldugu Poncceau S (Sigma) solusyonu ile test edildi Membran 12 saat stire
ile 4 Cde pHs172-74 olan 0 14 mol/l Tris tuz solusyonu (TBS) ile hazitlanan % 5
lik yagsiz kuru siit tozu ( Biorad, Hercules, CA, USA) ile blokland: Bloklama
solusyonuna ayrica % 0 1 Tween-20 (Sigma) ilave edildi Membran, 1:500 oraminda
bloklama solusyonu ile diliie edilmis glikojenin antikoru ve 1:3000 oraninda
bloklama solusyonu ile diliie edilmis GLUT-3 antikoru (Chemicon, Temecula,
CA,USA) ile oda sicakliginda 1 saat kanistirier iizerinde inkiibe edijldi Inkiibasyon
sonrasinda bloklama solusyonu ile 3 defa S dakika yikama yapild:. Membran,
glkojenin antikoru icin 1:1000 oranmnda bloklama solusyonu ile dilije edilmis
tavsan anti-kegi IgG horseradish peroksidaz (HRP) konjuge (Biotad) sekonder
antikorla ve GLUT-3 icin ise 1:5000 diliisyon oramndaki aym sekonder antikoria oda
sicakhifinda karistiricr tizerinde inkiibe edildi Inkiibasyon sonrasinda TBS ile 3 defa
5 dakika yikama yapildi Membran SuperSignal Chemiluminisans’la (CL)-HRP
subsrat sistemi (Pierce, Rockford, IL, USA) ile 5 dakika ink(ibasyon yapild: ve
sonrasinda membranlar hiperfilm’e (Amersham Pharmacia Biotech) fotograf
odasinda aktanldi Film developer ve fiksatiften gecirilerek musluk suyu ile yikanip
kurutuldu. Kontrol membranlannda primer antikor yerine sadece antikor diliisyon
solusyonu kullanilarak inktibasyon yapildr

3.5. Kriyo (dondurma) Kesitler icin immunohistokimya protokolii

Ik trimester ve term plasentasindan 5 mikiometre kalmliginda kryokesitler
ahnd ve asetonla 5 dakika fikse edildi. 20 dakika oda sicakliginda kurutuldu, Bu
esnada PAP pen ile lamlarn etrafi ¢evrelendi IBS ile 5 dakika yikandiktan sonra %
10 insan AB serumu ve %] sigir serum albumin (BSA) ve geri kalam ise Ultravision
Bloklama solusyonu (Ultravision) hazirlanan bloklama solusyonu ile 5 dakika
bloklandi  Numuneler 30 dakika oda sicaklifinda  glikojenin ve GLUT-3
antikorlanyla sitasiyla 1:100 ve 1:500 oramnda bloklama solusyonuyla diliie edilmis
antikorlarla inkiibe edildi. Kesitler IBS-Tween-20 kansumyla 3 defa 5 dakika
yikandt. GLUT 3 i¢in sekonder antikor olarak polivalent (domuz anti-tavsan, fare,
kegi}) olan ve streptavidin ile konjuge edilmis (LSAB+ Kit, Dako) ve glikojenin i¢in
ise dilisyon oram 1:500 olan tavsan anti-koyun IgG HRP konjuge ( Dako) sekonder
antikoru ile 30 dakika oda sicakhfinda inkiibe edildi TBS-Tween 20 karisimiyla 3
kere 5 dakika vikandiktan soma 3-5 dakika 3-amino-9-ethylcarbazole (AEC) ile
immiin isaretlenmeler gériiniir hale getirildi Kesitler TBS-Tween 20 karisimiyla 3
kere 5 dakika yikand: ve Mayer Hemaleum (Merck) ile zit boyanma yapilarak Kaiser
gliserol jelatin (Merck) ile kapatiidi
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3.6. Flow sitometrik (akaskan hiicre oleer) calisma icin denek se¢imi

12 adet gebe olmayan, 9 adet ilk trimester, 7 adet i
termdeki gebe kadinlardan 4mj periferal kan EDTA’
tim kadmlar  vijcut agirlik

cbeveynlerinde diabet hastalig
tolerans testi yapild: ve gebelik di

kinci trimester ve 7 adet

hi tiiplere alind;, Calismadaki
indeksine  gore normaldiler.  Kendilerinde ve

yoktu. Gebe kadinlara stitekli olarak oral glikoz
abeti gelismedigi tespit edildi.

Hipoglisemik hastalardaki ¢alismamiz igin de aghk kan sekerj dlizeyi
ortalama olarak 6 hipoglisemik hastada 39 4+7.9 mg/dl tespit edilirken, 6 tane

glisemik insamin aglik kan sekeri diizeyi ortalama olarak 106.3+17 5 mg/dl tespit
edildi Bu insanlarin periferal total kanlar; alind;

3.7. Periferal kandan lskosit hiicrelerinin ayrilmas

ve sitospin metodu Yardimi
ile immunohistokimyasal boyanmalarin Yapihisi

4 ml total kan 1:1 oraninda PBS ile diliie edild; Bu karrsimin icine 4,8 ml
Ficoll- Hypaque (Pharmacia Biotech, Freiburg, Germany) soliisyony ilave edilip 30
dakika 2200 pm’de oda sicaklifinda santriftij edildi Elimizdeki kan numune
Omneklerinde kan hiicreleri arasinda gradiyent olustugu gézlendsi. Otomatik pipet
aracilift ile monontiklear hiicreler alind; Mononiiklear hiicreler sitospin aleti ve
ategmanlari vasitasiyla 800 pm de 5 dakika santrifiij edilerek lamlara alind; Lamlar

kegi serumuyla bloklamp yikama yapilmadan
dakika GLUT-1 icin (CGLFHPLGADSQV),
GLUT-4 (CTELEYLGPEND) (hepsi Chemicon, Temecula, CA) C- terminal
sequenslerine kars: olarak uretilmis tavsan poliklonal antikorlariyla inkiibe edild;

3 LUT3) ve 1:100 (GLUT4) olacak

GLUT-3 (NSMQPVKEPGNA) ve

igin primer antikorlar yerine non-immiin
Immunohistokimyasal olarak boyannug bu pre
degisik bilyiitmelerde fotografland,

3.8. Flow sitometri (akagkan hiicre dlcer)

Gece boyu a¢ kalan insanlardan ertes; gunt aclik vendz kam EDTA I tiiplere
alindi. Her bir numune kanindan 100 pl total kan alinip 1:60 oraninda diliie edilmig
GLUT1, 3 ve 4 (Chemicon) poliklonal antikorlartyla 30 dakika oda sicaklifinda
inkiibasyon yapildi Numunele; iki kere 4 ml PBS-% 0 | Sodyum Azid (PBS-NaN;)
solusyonuyla yikanarak 1200 pm de 4 C ‘de 5 dakika santnifilj edilerek sipernatant




kismu atildi Sekonder antikor olarak 1:20 diliie fluorescein isothiocyanate (FITC) ile
konjuge edilmis anti-tavsan mmmunoglobulin F(ab'), (Dako) ile 4 C ‘de 20 dakika
karanlik ortamda inkiibe edildi. Hiicreler tekrar iki kez 4 ml PBS-% 0.1 Sodyum
Azid (PBS-NaNs) ile yikanarak ve 1200 rpm de 4 C ‘de 5 dakika santrifiij edilerek
stpernatant kismi auldi Yikamadan sonra flow sitomet] i¢in eritrosit lizis solusyonu
ile karanlik ortamda 10 dakika inkiibe edilerek eritrositler lizis edildi. Hiicreler tekrar
iki kez 4 ml PBS-% 0.1 Sodyum Azid (PBS-NaNj3) ile yikanarak ve 1200 ipmde 4 C
‘de 5 santrifilj edilerek stipernatant kismi atilds Her bir numuneye 200 pf PBS ilave
edilerek sulanduildi Daha sonra numuneler FACS “Calibur Flow Cytometer”
(Becton Dickinson, San Jose, CA) aleti ile argon lazer (dalga boyu 488nm) de
CellQuest programi uygulanarak graniilositler, monositler ve lenfositler i¢in
“forward scatter/ side scatter” diagramina gére dlciimler yapildi




BULGULAR

Aragtirmanin sonuglan, farkli parametreleri igeren dort ayr1 makale halinde
vayinlanarak bilim diinyasina sunuldu Bu aragtirma makaleleri sirasiyla su isimler
altinda yayinland.

Makale 1- Glucose transporter expression in rat embryo and uterus during
decidualization, implantation, and early postimplantation.

Korgun ET, Demir R, Hammer A, Dohr G, Desoye G, Skofitsch G, Hahn T. Biology
of Reproduction 65 (5): 1364-1370, 2001

Makale 2- From maternal glucose to fetal glycogen: expression of key regulatots in
the human placenta.

Hahn D, Blaschitz A, Korgun ET, Lang I, Desoye G, Skofitsch G, Dohr G
Molecular Human Reproduction 7 (12): 1173-1178, 2001

Makale 3- Physiological leukocytosis during pregnancy is associated with changes in
glucose transporter expression of maternal periphetal blood granulocytes and
monocytes

Korgun ET, Demir R, Sedlmayr P, Desoye G, Arikan G, Puerstner P, Haeusler
M,Dohr G, Skofitsch G, Hahn T American Journal Of Reproductive Immunology
48 (2): 110-116, 2002.

Makale 4- Sustained hypoglycemia affects glucose transporter expression of human
blood leukocytes

Korgun ET, Demir R, Sedlmayr P, Desoye G, Arikan GM, Puerstner P, Haeusler M,
Dohr G, Skofitsch G, Hahn T.Blood Cells Molecules And Diseases 28 (2): 152-139,
2002.

Sigan utero-embriyonik dokulardaki immunohistokimyasal sonuglar
(“Glucose transporter expression in 1at embryo and uterus during decidualization,
implantation, and early postimplantation”, adli makelenin &zet sonuglari)

Sigan  uterusu  ve embriyosunda,  yaptigimiz  tim giinlerdeki
immunohistokimyasal boyamalarda GLUT-5 antikoru negatifti

Gebeligin 1-8 giinleri arasinda uterus ve embriyonik dokulardaki GLUT-1,
GLUT-3 ve GLUT-4 ile yaptigimiz immiinohistokimyasal boyanmalarm sonuglarn,
tablo halinde ve semikantitatif olarak 8zetlendi (Tablo 3)




Tablo 3. Siganlarda gebeligin 1-8 giinleri arasindaki glikoz tastyic proteinlerden GLUT-1, GLUT-3
ve GLUT-4 immunohistokimyasal olarak dagilim tablosu

(+, boyanma yogunlugu az, ++, boyanma yofunlugu normal, +++, boyanma yogunlugu ¢ok, -,
boyanma yok)




Genel bulgular gebelik giin sirasina g0re su sekilde ifade edilebiljy-
Gebeligin birinci giinii

GLUT-3, endometriyal stromal hiicrelerde ve uterus epitelinde yerlesikt (Sekil 7A)
GLUT-4 ise, uterus epiteli, endometrival stromal hiicreler, endometriyal bez ve
miyometrial diiz kas hiicrelerinde immunopozitif reaksivon gdsterdi (Sekil 7B)

hilcrelerde ve miyometrial diiz kas hiictelerindeki varligim aym sekilde devam
ettirdi. GLUT-3, uterus epitelinde plasma membramnda, bazo-latera] bélgelere gore
apikal ve basal kisimda daha yogun olarak boyandi. GLUT-1 gebeligin birinei
gliniinde uterus dokusunda immunolojik olarak bir reaksiyon géstermed;

Gebeligin ikinci giinii

Uterusdaki immiinoreaksiyonlar GLUT-1, GLUT-3 ve GLUT-4 icin
gebeligin birinei glintiyle ayns idj.

Gebeligin iiciincii giinii

GLUT-1, uterus limina} epitelinde, endometriyal stromada, desidualizasyon
baslangic1 olan primer desidual alanin hiicrelerinde zayif bir reaksiyon gosterdi.
Endometriyal bez ve miyometriyal diz kas hiicreleri GLUT-1 ve GLUT-3 icin
immunolojik olarak bir teaksiyon géstermedi Her iki glikoz tastyier protein igin
postimplantasyon dénemine kadar negativitelerini devam ettirdi ( Sekil 1), GLUT-
3'tin uterinal apikal bélgesindeki hticrelerdeki tretimi gebeligin bitinci ve ikinci
gliniine oranla artty Endometriyal stromal hitcreler ve primer desidual hiicrelerde
boyanmalar meveutty

Gebeligin dérdiincii giinii

GLUT-1’in gebeligin 3 giniindek reaksiyon gosterdigi  hiicre
populasyonlarindaki boyanmalarma gore daha belirgindi, GLUI-3 ve GLUT-4
uterusda daha énceki glinlerde verlestigi hticrelerdeki vatligma devam etti. Her iki
glikoz tasiyic; proteini 6zellikle primer desidual alan hticrelerinde yogundu,

Gebeligin beginci giinii

Gebeligin by gnilinde, sican blastosistinin implantasyon agamasinda oldugu
gbziendi Blastosist GLUT-1, GLUT-3 ve GLUT-4 igin immiin pozitivite gdsterdi

gebeligin 8 giintine kadar devam eiti (Tablo 3) Bu glikoz tagiyict proteinlerin
uterusdaki dagilimlar; antimesometriyal bélgedeki boyanmalar hari¢, asagi yukan
gebeligin dérdiinei giniindeki dagilimiar gibiydi. Sadece uterus epiteli ¢ok zayif
boyanmist: ( Sekil 7C ve 7E).
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Sekil 7. Sigan utero-embriyonik birimde gebeligin 1 giinti (G G) ( A,B),gebeligin 5 giini {(C.D,E) ve
gebelign 6 giinii (F .G,H). A) GLUT 3 ¢k bast uterus epiteli, ok endometriyal gland B) GLUT 4. ok
bag1 uterus epiteli, ok endometriyal gland C) GLUT 1 ok bag1 uterus epiteli, ok embriyo. D) GLUT 3
ok bast uterus epiteli, ok embriyo. E) GLUT4 ok bas: uterus epiteli, ok embriyo F) GLUTI. siyah ok,
ektoplasental kon, kirmiz ok, parietal endoderm, siyah ok basi visceral endoderm, kirmiz1 ok bas
ekstarembriyonik cktoderm, sar1 ok bag primer ektoderm G) GLUT3 kirmiz; ok parietal endoderm
siyah ok bagt visceral endoderm, kirmrzi ok bag1 ekstarembriyonik ektoderm, sarr ok bas: primer
ektoderm H) GLUTI4. siyah ok, ektoplasental kon, kirmuzi ok, parietal endoderm, siyah ok basi
visceral endoderm, kirmuz ok bag1 ekstarembriyonik ektoderm, sar ok bagt primer ektoderm PDZ,
primer desidual zone, SDZ, sekonder desidual zone, UL, uterus liimeni A ve C dek; kitctik sekiller
kontrol kesitleri A,B,C,D.E igin biiyiitme X 150, F,H i¢in bilytitme 300, G icin bityilitme 600 ve A ve
C deki kontro] kesitleri igin bliytitme X 50
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Gebeligin altinc giinii

Parietal endoderm, visseral endoderm, primer ektoderm, ekstraembriyonik
ektoderm hiicreleri ve ektoplasental koni GLUI-1, GLUI-3 ve GLUT-4 icin
immtunoreaktif pozitiftiler (Sekil 7F, G, H) Gelismekte olan sekonder desidual
bélgedeki desidual hiicrelerde az miktarda GLUT-1 (Sekil 7F), GLUT3 ve GLUT4
boyanmast meveuttu. Gebeligin 6.glintinde uterusda, gebeligin 5. gintinden farkl: bir
boyanma gézlenmedi. Sadece §zellikle GLUT 3 i¢in embriyoda olduk¢a yogun
boyanma gézlendi.

Gebelifin yedinci giinii

Embriyonik dokutardaki boyanmalar GLUT-1 i¢in gebeligin altiner giintine
oranla daha yogundu Birden bire uterus’un sekonder desidual alaninda boyanma
yogunlugu artt1 (Sekil 8A). Buna karsilik primer desidual alanda boyanmalar azald;
Gebeligin bu giintinde uterusta glikojenik bélge ve kapsiil olusumu belirgin olarak
gozlendi GLUT-3 ve GLUT-4 i¢in gebeligin altiner giind ile yedinei giinit arasinda
embriyonik dokularda bir fark yoktu (Sekil 8B, C). Genel olarak uterus da kapsiil,
glikojenik bolge ve sekonder desidual bdlge yogun olarak glikoz tastyicl proteinleri
ekspere etmekteydi

Gebeligin sekizinei giinii

Sekonder desidual ve glikojenik bélgeler haric GLUT-1 igin uterusda
herhangi bir bolgede immunoreakiivite voktu (Sekil 8D, G). GLUT-3 ve GLUT-4
icin gebeligin 7. giiniiyle aynl uterinal boyanmalar vardy. Fakat boyanma yogunlugu
oldukg¢a azalmist: (Sekil 8E, F). Glikojenik bolge de GLUT-3 boyanmalari oldukgca
yogundu (Sekil 8H) GLUT-1, GLUT-3 ve GLUT-4 proteinletinin embriyonik
boyanmalari gebeligin 7. glintine benzemekteydi (Sekil 8D, E, F).
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(D.EF,G,H) A) GLUTI Sivah ok, ektoplasental kon, kirmiz: ok, parietal endoderm, siyah ok basi
visseral endoderm, kirmiz ok bagi, ekstraembriyonik ektoderm, sar1 ok bas primer ektoderm.B)
GLUTI Kirmizi ok, parietal endoderm, siyah ok bast visseral endoderm, kimizi ok basi,
ekstraembriyonik ektoderm, sani ok bagi primer ektoderm. C) GLUT4 Siyah ok, ektoplasental kon
kirmizt ok, parietal endoderm, siyah ok basi visseral endoderm, kirmuizi ok bas, ekstraembriyonik
ektoderm, sarr ok bast primer ektoderm D) GLUTI ok, embriyo. Cergeve igindeki fotograf kumiz
ok, , parietal endoderm, siyah ok bag: visceral endoderm, kirmiz) ok basi, ekstraembriyonik ektoderm,
sart ok bagi primer ektoderm E) GLUT3. ok, embriyo Cergeve igindeki fotograf  kirmizi ok, ,

sckonder desidual zone, Kontrol gerceve icinde C . A,B,C i¢in biiylitme X 150, D,EF icin bityiitme X
75, G,H igin biiyiitme X 100, gergeve icin C de bitytitme igin X 100, gergeve icin D,EF bilyiitme igin

37




Insan plasentasindaki western-blot ve irmnunohistokimya sonuclar

(“From maternal glucose to feta] glycogen: expression of key regulators in the
human placenta”, adli makalenin ¢zet sonuglari).

Glikojenin proteini immunoblot metoduyla 37 kDa agirliginda bir bant
seklinde term ve ilk trimester plasentalarinda tespit edildi (Sekil 9). 37 kDa band,
glikozillenmenmis glikojenine kargilik gelmektedir Elde edilen bandlarin optikal
yogunlugu hesapland: ve istatistikse] olarak termde ilk trimestere gdre glikojenin
proteini daha fazla miktarda (0.774+0 21 (term), 0,22+0.07 (ilk trimester) p<005)
oldugunu tespit edildi Numuneler alfa amilaz, izoamilaz ve amiloglikozidaz ile

(Sekil 9) GLUT 3 proteini, 48 kDa agirhginda bir band olarak jlk trimester plasental
dokuda term plasentasina gore daha fazlady (Sekil 10) (0 87+0 40, 0.05+0 02;
p<0.05) Kontrollerde ne glikojenin nede GLUT 3 proteini

igin bir bant gérillmedi (Sekil 10)
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Sekil 9. Insan ilk trimester ve term plasentasinda glikojenin western blot sonuclarg
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$ekil 10, Insan ilk trimester ve term plasentasinda GLUT-3 western blot sonuglar.

Immunohistokimyasal olarak glikojenin proteini, term plasentasinda fetal
damarlarin  endotel hiicrelerinde yogun bir sekilde goziendi (Sekil 11A)
Sinsisyotrofoblast, ekstravillsz trofoblast ve basal desidual hiicreler pozitif
Immiinoreaktivite gosterdiler (Sekil 11A, B). 1k trimesterdeki glikojenin
boyanmalar:  term plasentalarindakine benzemekteydi Cogalan mesensimal
hiicrelerde zayif bir sekilde boyanmalar gozlendi (Sekil 11C, D), Fakat, genel olarak
ilk trimesterde term plasentaya gére glikojenin boyanma yogunlugu daha azd
GLUT 3 proteini, term ve ilk trimester fetal damarlarda mevcutty (Sekil 11E, F, G,
H) Desidual hiicreler GLUT 3 igin pozitifti (Sekil 1TF). Yaklagik olarak ekstravilliis
trofoblastlarin %50 si yogun olarak GLUT 3 ile boyantrken bu hiicre poplilasyonun
difer yansi negatifii (Sekil 11F). ik trimesterde GLUT 3 iretimi hiicre
klonlarindaki ekstravillsz trofoblastlarda ve villsz sitotrofoblastlarda pozitifti (Sekil
11G). Sinsisyotrofoblastlarda ise GLUT 3 negatifti (Sekil 11E, F, G, H) Kontrol
kesitleri icin normal tavsan serumu ile inkiibe edilen kesitlerinde sonug¢ negatifti
(Sekil 11D ve E deki kiictik fotograflar).
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Sekil 11. Immunohistokimyasal olarak glikogenin (A-D) ve GLUT3 proteinin (E-H) insan term .

(A.B.EF) ve ilk trimester {(C,D,G,H) plasentasindaki boyanmalari Siyah ok, fetal damar endotel, i
kirmizr ok immiin pozitif ekstravilloz trofoblast, sar1 ok immiin negatif ekstravilloz trofoblast , siyah ¥
ok bas1 sinsisyotrofoblast, kirmizi ok bast desidua bazalisin desidual hiicreleri, sart ok bagt prolifere :
olan mezenkimal hiicreler, mavi ok bag: prolifere olan villsz trofoblast hicreleri A,B,EJF icin

bitylitme X150, C,G i¢in bityiitme X200, D,H igin bilylitme X400.
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proteinlerinin dagilimi

adli makalenin Gzet sonuglan).

Gebelik esnasinda periferal lskositlerdeki GLUT 1, GLUT 3 ve GLUT 4

(“Physiological leukocytosis during pregnancy is associated with changes in glucose
iransporter expression of materna) peripheral blood granulocytes and monocytes”,

Bu ¢alisma esnasinda hiicre akiskan kinetigi ile yapuan deneyler sonucunda
glikoz tasiyict proteinler ve kontrol olarak kullanilan serum sonucunda elde edilen
degerlere Mann- Whitney U testi yapilarak tablo halinde verilmistit (Tablo 4),

Glikoz tasiyicr proteinler icin elde edilen degerler serum icin elde edilen degerler
bélinerek hesaplanmustir Pozififljk st olarak 1 5 kabul edilmistir.
Gebe degil 1 trimester 2 trimester term

- GLUTI 31405 28+05 24+053 2.0+0.2%
8
2 GLUT3 46+05 35+04 32403 33+07
<
o

GLUT4 47+05 33103 31+£03 33+04

GLUTI 29103 27+£03 32106 30£04
% GLUT3 38+06 3.5+ 06% 52103% 41%038
=
S
= GLUT4 1.6+02 1502 1240 1% 1.710.4*

Tablo 4 Normal ve gebe kadin granulosit ve monositlerindeki flow sitometrik olarak

hesaplanan GLUT izoformlarmm ekspresyonun gasteren tablo GLUT izoformlar icin bulunan miktar

non-immiin tavsan serumuyla bulunan sayrya béliniip elde edilen sayl 1,5 ise simir seviyede pozitivite,

2 den biiytik ise agik bir sekilde pozitif. * p< 0 05

Gebe olmayan kadinlarin sitospin preparatlarinda graniilositlerin bu glikoz
tagtyicilan icin monositlere gote daha yogun boyandigh gészlendi Akiskan hiicre

Olger sonuclan da (Sekil 12) sitospin gézlemlerinj desteklemekteydi (Sekil 13).
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Bu ¢alismadaki temel bulgular sunlardur; GLUT-4, % 186 (p<0035) oraminda
monositlere oranla graniilositlerde daha fazla tiretildikleri tespit edildi GLUT-3
diger glikoz tastyic: izoformlarina gore graniilositler ve monositler icin temel glikoz
tagtyics izoformuydu Grantlositler i¢in GLUT-4 ve GLUT-3 miktart yaklasik olarak
esitti. Grantlositlerdeki GLUT-1 miktan gebelik esnasinda trimesterler boyunca
derece derece azalip termde gebe olmayan kadin grantilositlerine gére % 36 oraminda
(p<0.05) azalmistir (Sekil 14) Granulositlerde GLUT 3 ve GLUT 4 de gebelik
boyunca gebe olmayan kadin grantlositlerine gore % 24 oraninda azalmistir Fakat
bu azalis istatiksel olarak anlaml: degildirt. Monositlerde GLUT 1 gebelik
esnasindaki deBisimi istatistiksel olarak gebe olmayan kadinlarin monositleriyle
karsilastinldiginda etkili degildi  Monositlerde GLUT 3 protein iretimi ikinci
trimesterde normal kadin monositlerine gére % 37 (p< 0.05) oraminda artis
gostermistir (Sekil 15). Termde ise 2 {rimestere gbre bir azalis gdstermistir
Monositlerde GLUT 4 iiretimi gebeligin baslamasiyla birlikte bir disiiy gbsterip 2.
trimesterde normal kadin monositlerine gbre % 76 oraninda (p< 0.05) (Sekil 16)
azalarak glikoz tastyicr sistemin diizenlenmesini saglayabilir ve termde tekrar artig
gostermistir. Kontrol i¢in kullanilan normal tavsan serumu ile yapilan boyamalarda
sonuglar negatifti

Verilere gore gebelikle birlikte lokositlerdeki gikoz tagiyict proteinlerin
iiretimlerinde bir  degisim gbzlenmekte ve bunun muhteme] olarak fizyolojik
16kositozise bagl olarak artan ve azalan 15kositlerle iligkili olacagr dustiniilmektedir

Granulosit Monosit  Lenfosit

; | : GLUT 4
wr lh.x.__ | ! ; ™

GLUT 3

N M I GLUT1

Gk

Kontrol

y i, |
Sekil 12. Gebe olmayan kadin beyaz kan hiicrelerinde GLUT1,3 ve 4 igin fluorosans sinyallerinin

flow sitometri ile tespiti.Hipoglisemik hastalarm periferal lokositlerindeki flow sitometrik (akiskan
hiicre Slger) ve immitnohistokimya sonuglar
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Sekil 13. Immunohistokimyasal ol
GLUT3 (B), GLUT4 (C) ve CD45
tavsan nen-immiin serum kullanildi.

arak gebe olmayan kadin beyaz kan hiicrelerinde GLUT] (A),

(D) boyanmalar:. Kontrol kesitlerinde
Biittin fotograflar icin biryiitme X 200.
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Sekil 14, Granulositlerde gebe olma
tespit edilmis histogram

(E} primer antikor yerine

yan (A) ve term deki GLUT 1} diizeyini gsteren flow sitometriyle
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Sekil 15. Monositlerde gebe olmayan (A} ve ikinci trimesterdeki GLUT 3 diizeyini gbsteren flow
sitometriyle tespit edilmis histogram.
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$ekil 16. Monositlerde gebe olmayan (A) ve ikinci trimesterdeki GLUT 4 diizeyini ghsteren flow
sitometriyle tespit edilmis histogram.
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(“Sustained hypoglycemia affects glucose transporter expression of human
 blood leukocytes”, adli makalenin §zet sonuglar1)

Lékositlerde yapilan ¢alismanin flow sitometrik sonuglar: tablo 3 de
- gosterilmistit. Genel olarak flow sitometrik ¢alismalar sonucunda graniilositler ve
monositlerin GLUT 1, 3 ve 4 i¢in immiinreaktif olarak pozitif olduklar: tespit edildi
- (Sekil 17) Kiigtik bir kismu harig lenfositler immunochistokimyasal olarak negatiftiler
(Sekil 18). Sitospin preparatlaninda 8glisemik insanlardan elde edilen graniilositler,
monositlere gore daha fazla boyandilar Bu bulguyu flow sitometri sonuclan da
desteklemektedir (Tzblo 5 ) GLUT 4 proteini ise aynr yogunlukta graniilositlerde
meveuttu. Flow sitometrik olarak Gglisemik ve hipoglisemik GLUT 1, GLUT 3 ve
GLUT 4 tretimleri kargilastmidiginda, hipoglisemik sartlardaki granulositlerde
GLUT 4 proteini % 73 oraminda ( p< 0,05) daha fazladir (Sekil 19). GLUT 3
proteinin ise monositlerde % 134 oraninda arttigr (p< 0,05) tespit edildi (Sekil 20)
Granulositlerdeki GLUT 4 artigt GLUT 1 deki % 20 azahsima eslik etmekte ve
GLUT 3 de de artis gozlenmekte idi Fakat, hem GLUT 1 te ki azalis hem de GLUT
3 teki artis istatiksel olarak anlaml degildi. Monositlerde ise GLUT 1 ve GLUT 3 de
artis gériilmesine 1agmen istatiksel olarak anlamsizd; Sitospin preparatlarinda CD45
ile yaptipimiz pozitif kontrol boyanmalan pozitifti (Sekil 17D) Normal tavsan
serumuyla yapilan kontrol boyanmalarinda hi¢ bir boyanma yoktu (Sekil 17E)

GLUT 1 GLUT 3 GLUT 4
Oglisemi 35124 39+21 34+1.1
Granulosit
Hipoglisemi 28405 52+17 59+16%
Oglisemi 2915 23+07 1.6+10
Monosit
Hipoglisemi  32+10 54+£23% 1.7+02

Tablo 5. Hipoglisemik ve Euglisemik granulosit ve monositlerdeki flow sitometrik olarak hesaplanan
GLUT izoformlaninin ekspresyonun gésteren tablo. GLUT izoformlan fcin bulunan miktar non-
immiin tavsan serumuyla bulunan saylya bolindp elde edilen sayr 1,5 ise sinir seviyede pozitivite, 2
den biiyik ise agik bir sekilde pozitif * p<005
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Sekil 17. Immunohistokimyasal olarak hipoglisemik ve 8glisemik beyaz kan hiicrelerinde GLUT]
(A), GLUT3 (B), GLUT4 (C) ve CD45 (D) boyanmalan Kontrol kesitlerinde (E) primer antikor
yerine tavsan non-immiin serum kullanild: Biitiin fotograflar igin biiyiitme X 200

Granulosit Monosit Lenfosit

] | a[ W GLUT 1

| N | GLUT 3

| GLUT 4

Al 1 f

Kontrol

' . ‘ |

Sekil 18. Hipoglisemik ve &glisemik beyaz kan hiicrelerinde GLUT 1, 3 ve 4 i¢in fluorosans

sinyalierinin flow sitometri ile tespiti  Hipoglisemik hastalanin periferal 1okositlerindeki flow
sitometrik (akigkan hiicre lger) ve imminchistokimya sonuglar
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$ekil 19. Oglisemik insan Granulositlerindeki GLUT 4 dagilimmnt gosteren histogram.
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Sekil 20 Oglisemik insan Monositlerindeki GLUT 3 dagilimini gésteren histogram.
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TARTISMA

Intrauterin hayatin her eviesinde anneden embriyonik elemanlara veterli
miktarda glikoz transferi, uterusdaki embriyonun geligiminin korunmas: ve yasamini
devam ettirmesi igin 6nemlidit Ciinkii embriyo, oksidatif metobolizma icin gerekli
maddelerin ¢ok azini tiretmektedir. Diger taraftan, implantasyon Oncesinde uterus
stromal hiicrelerin, implantasyonun basarili olmas: icin gergeklestirdikleri yeniden
modellenme (desidualizasyon) i¢in de enerji gereklidir.

GLUT 1 glikoz tagimminda plasental trofoblast gibi kan-doku bariyerindeki
epitel hiicrelerinde meveut olan bashca glikoz tasiyic1 izoformudur (74,131). Gen
diizeyinde de sican embriyosunda GLUT 1 iiretiminin gosterilmesi  (76)
implantasyon sonrasmda gelisimin ilerleyen glinlerinde de GLUT 1, temel glikoz
tagiyict izoformu olarak goriilmektedir (132) GQalismamizin sonuglarinda, sican
implantasyon periyodlarinda GLUT 1 tim embriyonik hiicrelerde meveut oldugunu
tespit ettik. Bu sonug daha énce fare morulasinda GLUT 1 tiretiminin varhgiyla
ilgili yapilan ¢aligmalara bir kanit teskil edebilir (133). Bu verilerimiz de, GLUT 1’in
genel olarak, embriyo igin, temel glikoz tasiyier izoformu oldugunu
desteklemektedir; ayiica embriyonun glikoz tastyicilar aracilign ile ATP tiretimini
gerceklestirdifini ve gerekli hiicresel glikoz ihtiyacini bu sekilde temin edildigine
dair bir kamnut teskil edebilir Sigan uterusunda hemen hemen biitiin desidual hiicreler
GLUT 1 proteinini igermekteydi. Bu bulgu daha dnce uterusta GLUT 1 mRNA sini
tespit edilmesiyle (76) de uygunluk géstermektedir.

Implantasyon sonrasinda sican embriyolarinda, organogenez esnasinda
olduk¢a fazla miktarda GLUT 3 tretiminin tespit edilmesi, ayn: sekilde yogun
olarak GLUT 3 ’iin  desidual hilcrelerde de vatlifn (134) yeni tartismalarn
beraberinde getirdi. Bu sonug in situ hibridizasyon teknigi ile GLUT 3 mRNA’sinm
desidual hiicrelerdeki tiretimiyle ilgili bulguyla tersti (76). Bu ¢alismada GLUT 3
proteini embriyonik hiicre popiilasyonlarinda olduk¢a yogun olarak tespit edildi. Bu
bulgu siganlarda GLUT 3 mRNA’sinin varhig ile uyumluydu (76) Bu farkl veriler
sican uterusunda GLUT 3 regiilasyonunun post transkripsiyonunun farkh
olabilecegini diisiindiirdli. Gebe olmayan sican uterusunda GLUT 3 tespit

edilemedigine gore (128,135), GLUT izoformunun firetimindeki farkhilik gebelik ile
iliskili olabiliz

GLUT 4 {iretimi genel olarak instiline duyarli dokularla sinithdir Welche ve
Gorski (135) tarafindan GLUT mRNA ve proteinin normal sigan uterusunda
gosterilmesi, gebeligin 1-8 giinleri arasindaki uterustaki GLUT 4 bulgulanimiz ile
uyumludur. Ozelikle endometriyal bezlerde ve miyometriyal kasta siirekli bir tiretim
meveuttu  Uterus epitel hiicrelerinde GLUT 1, GLUT 3 ve GLUT4 ile ko-
lokalizasyon gosterirken 151k mikroskopi dizeyinde GLUT 4 molekiilii GLUT 1 ve
GLUT 3 den farkli olarak intraselliiler bit boyanma gosterdiler. GLUT 1 ve GLUT 3
molekiillerinin sentezi epitel hiicrelerinin plasma membraninda sl kalirken
GLUT 4 molekiilii tiim epitel hiicrelerde homojen bir dagilim gosterdi GLUT 4 tin
bu hiicrelerde homojenizasyon gostermesi belki bu molekiiliin hiicre icinde
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depolanarak glikoz depolanmas: ile ilgili olabilecegi seklinde aciklanabilir Diger
GLUT izoformlari icin rezerve depolarn tespit edilememekle birlikte GLUT 1| in
plasma membraninda meveut olmasi bu proteinin  subselliiler olarak glikoz
tasimmuinda yer aldigini gostermektedir (136). Gebe sican uterusunun tersine,
embriyoda az olmakla bitlikte GLUT 4 immunoreaktivitesinin pozitif oldugu
embriyo kékenli dokularda acik ve net olarak gozlenmesi genel olarak embriyonik
hiicte popiilasyonunda GLUT 4 sentezinin varhigt hakkindaki daha &nceki
calismalarla uygunluk gdstermedi Clinkli ilk olarak sunulan bu calismanin
sonu¢larinda implantasyon esnasinda sigan embriyosunda GLUT 4 pozitif olarak
tespit edildi. Bu haliyle bulgularimiz orijinaldir. $imdiye kadar sadece sican
beyninde en erken gebeligin 14 giiniinde (137) ve si¢an plasentasinda gebeligin 14
ve 21 giinleri arasinda (138) GLUT 4 mRNA’lan tespit edilmistir GLUT 4
mRNA’si sigir blastosistinde tespit edilmesine karsin (139) daha &nceki bir cok
¢alismada GLUT 4 mRNA si (76, 132, 134) ve proteini ( 140) sicanlarda gebeligin 9
ve 14 giinleri arasinda tespit edilemedi GLUT 4 tarafindan boyanan embriyonik
dokular ayni zamanda insiilin reseptdr tarafindan da boyanmaktadir = Bu bulgular
preimplantasyon sigan embrivolarindaki  instilin reseptdr mRNA  ietimi  ile
uyumludur (141) Ilaveten, embriyonik ve uterin insiilin reseptdr iiretimi memelilerde
farkli olarak sentez olduklan gosterilmigtir (142, 143, 144). Arastirmamizin bir
béltimiinii olusturan gebeligin 1-8 giinleri arasinda sican uterusunda embriyonun
implante olabilmesi i¢in yeniden modellenme (desidualizasyon) gerceklesmektedir.
Endometriyal stromal hiicrelerdeki bu degisim i¢in hitcre metabolik olarak enerjiye
ihtiyag duymaktadn ve bu eneiji biiytik oranda glikoz tarafindan karsilanmaktadir
Baylece uterustaki glikoz tagiyict proteinlerin varh@ akla uygundur Uterusdaki
hiterelerin ¢ogalmasi ve farkhlasmas: i¢in sadece insiilin gérevli degildir Aym
zamanda insiilin tarafindan diizenlenen ve glikozun hiicreye alinmasim kolaylastiran
GLUT 4°de 10l oynamaktadir. Ayrica, gebeligin ge¢ donemlerinde, GLUT 4 ideal
olarak gebelik uterusu icin glikoz ihtiyacim karsilayabilir Ciinkti  gebeligin
devaminda plazma insiilin diizeyinin artmasina cevaben GLUT 4 aktivitesi de
artmaktadir (145). Embriyonik hiicrelerde 8 hiicreli morula safhasina kadar insiilin
teseptorii goriilmemektedir (146) ve buna paralel olarak glikoz metabolizmas1 da
aynt sekildedir Embriyoda mitojenitenin artmas) ile birlikte insiilin ortaya ¢ikmakta
ve buna paralel olarak da glikoz tagimmi  baglamaktad. Daha 6nce yapilan
¢aligmalar sonucunda hiperglisemik sartlar altinda GLUT lann geri diizenlenmesi
atactlignyla embriyonik gelisimde gecikme, duraklama ve apoptoz gériilmesi (74,
147, 148) erken gebelik esnasinda insiilin tarafindan GLUT regtilasyonunun
vapildigi ¢ahgmalann sonucunda iireme performasimn  hiperglisemik sartlarda
normale dénmesi i¢in instiline ihtiyag oldugu belirlenmistir (149, 150, 151). Bu
sartlar altinda GLUT I, 3 ve 4 in bir ¢cok embriyonik hiicredeki iiretimine :
hormonlarn etkisiz oldugunu ileri stiren gortsler (132, 157) oldukga sasilacak i .
bulgulardr GLUT 8, 2000 yilinda tespit edilen yeni glikoz izoformu olup fare b
blastosistinde yaygin olarak bulundugu ve GLUT 4 gibi aym sekilde insiilin
tarafindan diizenlendigi tespit edilmistir (42) Bu yiizden GLUT 8, embriyoda GLUT
4 aksiyonuna gére daha Gnemli bir aday olabilir. Ciinkii GLUT 8 in Km degeri
GLUT 3 iin Km degerine yakin olup diger GLUT lardan farklidir.




Insan  plasentasinda glikojen metabolizmas: hala giinimiize kadar
gbziilememis bir paradokstur. Diabet esnasinda karaciger, yag ve iskelet kasinda
glikojen azalmasi gézlenirken plasentada glikojen artmaktadir Cinkii glikojen
sentezi instiline bagimlidir. Béyle olmasina ragmen plasentada glikojen sentezi ve
fosforilasyonuna in vivo ve in vitro sartlarda insiilinin etkili olmadig y&niinde
gortisler vardir (153) Plasentadaki bu paradoks sonucunda diyabetik plasentalarda
anormallikler gézlenmekte ve embriyo asir1 glikojen ve glikozdan dolay: insiilin

iiretmektedir Bunun sonucunda da embriyoda “makrozomiya® olarak isimlendirilen
bilylime anormalligi g6riillmektedir.

Yillar dnce normal ve diyabetik plasentalar]a vapilan elektron mikroskopik
calismalarda glikojen’in éncelikle feta] endotelde ve az olatak da trofoblast ta varlii
gosterilmistir (154). Fakat ginimize kadar plasentadaki glikojen metabolizmas:
normal ve diyabetik sartlar altinda aciklanamamistir  Bunun en biiyiik sebebi
glikojen metabolizmasiyla iligkili olan basamaklar igin gerekli antikor ve ¢DNA larm

clde edilememesi ve ayrica diyabet gebeliginin insiilin tedavisi olmadan devam
edememesidiz

Plasenta gebeligin ge¢ donemlerine kadar yeterli miktarda glikozu iiretme
yetenefine sahip degildir Plasental glikojen biosentezinin ilk adimi maternal veya
fetal dolagimdaki glikoz alimiyla sinizhidir. Bu mekanizma yogunluk gradyeni
boyunca kolaylastiriims diffiizyonla gerceklesmektedi. Kolaylagtiriimrg difflizyon
integral membran glikoproteinleri olan ve GLUT 1-12 olarak isimlendirilmig
proteinleri igerir. Calismamizda bu tagiyict proteinlerden GLUT 3 i segmemizin
nedeni, fetal endotel hiicrelerinde en yogun olarak bulunan glikoz tagryicl 1zoformu
olmasindan kaynaklanmaktadir. Bu da son derece dogaldir. Ciinky, GLUT 3 glikoza
yiksek affinitesinden dolay: enerji ihtiyaci fazla olan dokularda ve hiicrelerde
bulunmaktadir  Glikojen sentezi orijini bilinmeyen bir karbonhidiat primeri ile
baglamakta ve glikojen sentezinin diger basamaklan icin UDP glikoz, glikojen sentaz
ve dallanmis yikim enzimleri gerekmektedir Daha 6nce kabul edilen metabolizma
asamalar1 yeni bulunan glikoziltransferaz glikojenin (EC 2.4.1 186, karbonhidrat
degil, protein) (155) ve glikojen 6nciisti olan proglikojen (156) in bulunmastyla
degismistir. Bir ¢ok dokuda ve hiicrede glikojen metabolizmasinda glikojenin
anahtar role sahip oldugu tespit edilmigtir ( 157, 158, 159),

Calismamizda immunohistokimya ve Western Blot metotlar: ile insan ilk
trimester ve term plasentasinda glikojen sentezi icin primer protein olan glikojenin

ile yine aym sekilde hiicresel glikojen metabolizmasinin bir potansiyel regiilatdrii
olabilecek olan GLUT 3 tiretimini inceledik.

Ilk kez plasentada glikojen sentezi igin gerekli olan glikojenin proteinin
zamansal ve uzaysal dagilimi gosterildi Term plasentasinda glikojenin yofun olarak
fetal damarlann endotel hiicrelerinde tespit edilmesi, bu bulgunun daha Sncekj
¢alismalarda insan plaséntal endotelyumundaki  glikojen bulgusuyla uyumlu
oldufunu gésterir (154) Diger glikojenin pozitif hiicre popiilasyonlan ise villiis ve
ckstravillés  trofoblast  hticreleri  ile desidual hticrelerdir. [k trimester
plasentalarmndaki  glikojenin dagilimi term plasentalarindaki dagilimi andiryor
olmasma ragmen immunoreaktivite yogunlugu daha azdi. Karacigerde oidugu gibi
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(158), Western Blot analizlerinde hem serbest hem de glikozillenmig glikojenin
plasental villéz dokularinda 37 Kda agihiginda bandlar gésterdiler Amylolitik
glikojen vikimi glikojenin immunoreaktivitesi igin etkisizdi Bu serbest ya da
depolanmis glikojenin oldugunu gésterir Term trofoblastlartyla yapilan fluorometrik

etkisi aragtirilmis degildir,
GLUT 3 ekstravillsz trofoblast ve villss sitotrofoblastlarda liretilmesi, endotel

hiicrelerin GLUT 3 i¢in yodun olarak immunopozitif olmasi, GLUT 3 iin endote]
hiicrelerindeki lokalizasyonu hakkindaki daha onceki calismalarda da gostermistir.

hipotezimizi gozledigimiz GLUT 3 sonuglart da desteklemektedir. Clnkit GLUT 3
glikojenin proteinin tersine ilk trimesterde istatistiksel olarak anlamli bir sekilde
miktar olarak daha ¢oktu. Bu bulgu bu dénemde embriyoya glikoz taginimin terme
gore daha fazla oldugunuy gostermektedir ki bu da son derece akla uygundur
Embriyo gelisimin son dénemlerinde az da olsa ihtiyact olan glikozu kendisi
Uretebilmektedir

Fertilizasyondan sonra maternal I6kositlerin aktivasyonu agiklanmanms bir

fenomendir (160). Lokositler implantasyondan doguma kadar gebeligin devam

Gebe uterusunda genetik olarak maternal ve fetal dokularin farkli olmalarina
ragmen  spesifik immiinitenin baskilanmasiyla implantasyonun geiceklestigi
bilinmektedir (162). Diger yandan bir ¢ok calisma sonucunda gebelik esnasinda
spesifik olmayan (non-spesifite) immiinitenin arttig tespit edilmistir. Hem spesifik
hem de non-spesifik immiinite de temel olan hiicreler sitiimiile olan Iskositlerdir
Beyaz kan hiicrelerinin aktivasyonunu onlarm metabolik-enetji ihtiyaci etkilemekte
(163) ve gerekli olan enerji sadece glikoliz ile karsilanabilmektedi (164). Glikoz va
ckstraselliiler ortamdan alinarak saflanmakia ya da intraselliiler glikojen
katabolizmastyla temin edilmektedis Glikojen sentezinin, glikojenin ve glikojen
sentez enzimlerinin aktivitesinden ziyade glikoz tastnimiyla sinirlandigma  dair
kanttlar vardu (165,166,167). Gozlemler sonucunda anlagilmistir ki I8kositlerin
fonksiyonlarini vapabilmeleri i¢in veterli miktarda glikoz saglanmalidir.
“Hiperlipidemi”de, “diabetus mellitus” ve “arterosikleroz” infeksiyonlarinda ve baz
kanser gesitlerinde immiin hiicrelerin glikoz alimi bozulmaktadi (168). Daha énce
vapilan kinetik deneyler sonucunda Iokositlerin basit kolaylastirlmus glikoz tasuma
sistemine sahip olduklar gosterilmistir (169). Fakat bu tagiyict proteinlerin beyaz
kan hticrelerindeki tiretimi veya dizenlenmesi ile ilgili detayli bir ¢alisma olmadigs
igin bu konular hala muallaktadu. Lékositlerdeki nadir olmakla birlikte glikoz
lasiyicl  protein  senteziyle iigili deneyler genellikle blotting  calismalarin:
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icermektedir. Bu blotting ¢alismalarinda da farkli l6kosit subpopulasyonlan
kullamilmis olup genelde kiiltiire edilmis 15kositlere $ncelik taninmustir. Siiphesiz bu
in vitro ¢alismalar in vivo ¢alismalarin yerini tutmaz Hiicre kiiltiirt ¢alismalarinda
esas olarak ldkosit gen islevinin kontrol sartlar1 altindaki etkileri gosterilmistir
(170,171). Bu yiizden ilk kez immunohistokimyasal ve flowsitometrik metodlarla
normal ve gebe kadinlanin gebelik trimesterieri boyunca glikoz tasintminda rol alan
GLUT 1, 3 ve 4 proteinlerinin etkilerinin sonuglar, bu arastrimamn bir béliimiinde
sunuldu Diger taraftan hipoglisemik insanlarin I6kositlerinde, glikoz eksikliginin,
ghikoz tastyict proteinlerin tiretimine etkisini atastuilmasi ve hipoglisemide glikoz
tagiyrct proteinlerinin kantitatif olarak degistigini flow sitometri ile tespit edilmesi
konuya yeni boyut kazandirmustr.

Gebelik siiteci boyunca glikoz tastyier proteinlerde artma ve azalmalar

saptanmas: dikkat ¢ekicidir GLUT 1’in granulositlerde termde istatistiksel olarak
anlamli bir sekilde azalmas, gebe ve normal kadinlann monositlerinde GLUT |
dretiminde bir farklilk olmamasi, Granulositlerde normale gore 3 trimesterde GLUT
1 azalmasi tespit edilebilen temel degisikliklerdi. GLUT 3 ve GLUT 4 de
granulositlerde anlamhi  bir degisiklik gérilmedi GLUT 1 in term deki
granulositlerdeki azaligi, termdeki granulosit sayismin paradoksu ile iligkili
olabilecegini ileri siiren gorlsleri (172) destekler nitelikte olup diger taraftan term’e
dogru azalan glikoz yogunluguyla uyumludur (173). GLUT 1° in granulositierdeki
fonksiyonlarmin aciklanabilmesi i¢in yeni ¢alismalara thtiyag vardir,
Granulositler ve monositler sayisal olarak gebelik esnasinda artarlarken (174,175),
bu hiicrelerin aktivasyonu i¢in glikoz seviyesinin arttify ve bu sekilde gerekli ATP
nin kazanldig bildirilmis olup (163), GLUT 3"iin ikinci trimesterde monositlerde
birinci trimestere gore anlamli bir artiy gosterip termde tekrar azalmasi konunun
karmagsiklifini gostermektedir Ikinci trimesterde monositlerde GLUT 3 artigt, terme
dofru daha &nce yapilan ve monositlerin sayisal olarak ikinci trimesterde artip
termde azaldiftyla uygunluk gostermektedir (174)

Sunulan bu ¢aligmanin sonuclarina gdre monositlerde, GLUT 4 gebeligin
ilerlemesiyle birlikte bir azalma gosteritken 2. trimester ile 3. trimester arasinda
anlamhi bir artis gosterdi. Oysa GLUT 3’tin, GLUT 4 in azalis gosterdigi
2.trimesterde anlamli bir artis gdstermesi ilgingtit. GLUT 3’tin glikoza karst yiksek
affinitesi diisiiniildiginde GLUT 4 deki bu azalist GLUT 3 tarafindan kompanse
edebilit. Monositlerdeki GLUT 4 degisimi ne 2 trimesterdeki instilin reseptor
baglanmastyla (176) ne de plasma insiilin seviyesiyle (177) ayrica ne de insiilin
direnciyle (178) uyumlu degildi. Bu sunu gostermektedir; monositlerdeki GLUT 4
iretimi insiilinden baska hormonlarn veya bagka endokrin faktérlerin kontrolii
altinda regiile edilmektedir

Hticresel hekzos tasiyicilaring igeren bir ¢ok dokuda, glikoz yoklugunda genel
olarak hiicresel hekzos tasimminin arttigy yogun olarak gériilmesine ragmen (14,
122) kan hiicreleri igin glikoz tasima sisteminin diizenlenmesi acik degildir. Hatta
temel olarak glikoz tagiyicr proteinlerin lokdsitlerdeki tretimi hakkinda bilgiler ¢ok
az olmakla bitlikte bu sonuglarda birbiriyle tezathk icermektedir. Caligmamizda
hipoglisemik insanlarin aclik plazma glikoz yogunlupu ortalama 39 mg/dl olarak
bulundu Bu deger, yemek sonras: fizyolojik olarak azalan glikoz ile iligkili olmamal
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ya da devaminda hiperinsiilinemi olmamas beklenmelidir. Insiiliniin yemekten varim
saat sonra pik yapmasi (179) ve sormrasinda 2 saat esnasinda bazal duruma geldig;

hiicresel membran proteinlerinin % 3,5 ugunu icermektedir (181) ve 6zellikle glikoz
aliminin gerceklestisi eritrosit ve kan doku bariyerlerinin epitel hiicrelerinde
tiretilmesi (74, 136) bunu dogrulamaktadir By ¢alismanmn sonuclarna gore, insan
I6kositlerinde GLUT [ in monositlerde ve graniilositlerde yogun bir sekiide
tretildikleri ortaya konulmustur By sonu¢ daha énceki immunoblot caligmalariyla
uygunluk g6stermektedir (182). Aynca, GLUT I, monositlerden kéken alan
makrofajlarda tretilmektedir (183,184) Sonuclarimiz GLUT | in genel olarak temel
glikoz tasiyicr oldugu seklindekj hipotezle uyum saglamaktadu. GLUT 3, yiiksek
glikoz ihtiyaci olan hiicrelerde meveut olmas; (128), bulgularmzla da GLUT 3
granulositlerde ve monositierde olduk¢a yogun olarak bulunmas; ¢alismanm orijinal
bir yéniinii yansitiyor  Grantilositlerde, glikoz tagtyict proteinlerin iiretimi ile ilgili

Konuya metabolik 6ncelikler acisindan  baktigimizda, in vivo olarak
monositlerin  ve graniilositlerin GLUT 3 ihtiva etmesi onlara bir avantaj
saflamaktadir. Monositler ve granulositler yilkksek metabolik aktiviteye sahiptitler,

Daha énceki bir ¢alismada GLUT 4 monositlerde western blot analiziyle
gosterilememesine kargin (122} biz, GLUT 4’iin monositlerde ve graniilositlerde var
olduklarint tespit ettik. Hipoglisemik sartlar altinda GLUT 4 ile GLUT 1
kiyaslandiginda aralarinda bis korelasyon yoktur. GLUT 1°in asimetrik tasinim; 26z
Ontine almndiginda GLUT 1 ip glikozu disanya verme kabiliyeti iceri alma
kabileyitinden 4 kat daha fazlady (187). Bundan dolayt GLUT 4°de graniilositlerdeki
hiicre igine glikoz alismdaki artis belki GLUT 1 deki azalistan kaynaklaniyor
olabilir Insiiline duyaill dokularda GLUT 4 aktivasyonu ve lokalizasyonu hiicre
yuzeyinde veya sitoplazmik membran  pargaciklaninda  insiilin sinyaliyle
indiiklenmektedir (87). Fakat GLUT 4 iiretimi instiline duyarli dokularla sirly
degildir (188). Bu ylzden insiilin haricinde hormonlar tarafindan hipoglisemide
GLUT 4 artisinin spekiile edilmes; kuvvetli bir ihtimaldir. Eger endokrin faktsrler
bunu bagaramiyorsa, gerei bizim galismamizda da buna bi kanit bulunamadi, fakat
alternatif bir aday olarak mUbe9 enzimi gosterildi (189) Sentrin ile konjuge enzim
olan mUbc9 enziminin granitlositlerde glikoz tastyict proteinlerin sentezine etkili
olmast bu enzimin bizim sonuglarimiza parale] bir sekilde GLUT 4’ in hiicresel




olarak artmasint ve GLUT 1 in azalarak glikoz mekanizmasini diizenledigini gosterir
(179).

Calismamizda lenfositlerin blylik bir kismun igin tiim glikoz tagiyica
izoformlarinin negatif oldugunun tespit edilmesi son derece ilgingtir  Ayn1 gekilde
daha onceki ¢alismalarda GLUT 1 (190), GLUT 3 ve GLUT 4 igin de (182, 190)
negatif sonuglar bulunmustur. GLUT 3 ile ilgili lenfosit ¢alismalari genel olarak blot

calismalar1 olup (185,190) lenfositlerin tam olarak saf bir gekilde izole edildigi
stiphelidir.




SONUCLAR

Glikoz tasiyicilan hakkinda vanlan sonuglarr maddeler halinde &zetlemek

gerekirse;

GLUT 1, 3 ve 4 “iin embriyonal ve maternal dokularda, 6zellikle implantasyon
evtesinde kolaylagtirtlmis basit glikoz tagimminda gorev aldiklan,

Insan plasental bariyerde “ glikojenin” proteini aracilifiyla immatiir glikojenden,
glikojen iglenerek kullanilir hale getirildigi, GLUT 3 ile glikojenin proteinin
birlikte bu mekanizmayi islettikleri,

Gebelik esnasinda glikoz tagtyan proteinlerin miktarinda, fizyolojik Iékositoza
uygun olarak azalmanm oldugu, azalan tasiyicinin gorevinin bir bagkas:
tarafindan kompanse edilebilecegi ve her izoform tagtyicisinin farkli roller
Ustlenebilecegini,

GLUT 1,3 ve 4 proteinlerinin, granulositlerde ve monositlerde yogun olarak
tiretildikleri, tastyic: proteinlerin hipoglisemiye farkl) cevap verebildigi ve glikoz
yoklugunda hiicrelerin glikoz eksikliklerinden kaynaklanabilecek stres gibi
taktorlerden korunmak igin  bir mekanizma gelistirebilecekleri sonucuna
varilabilir.
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- transfer of glucose from the mother to the embry-
rtment is crucial to sustain the survival and normal
ment of the embryo in utero, because the embryo’s pro-
f this primary substrate for oxidative metabolism is
the present study, the temporal sequence of expres.
the sodium-independent facilitative glucose transporter
GLUTs 1, 3, 4, and 5 was investigated in the developing
roembryonic unit between conception and Gestational
ng immunOhistOChemistry.‘ The GLUTs 1, 3, and 4 were
in the embryonic tissues after the start of implanta.
g colocalized in the parietal endoderm, visceral en-
primary ectoderm, extraembryonic ectoderm, and the
ntal cone. In the uterus, a faint GLUTY labeling
but not until Gestational Day 3, in the luminal epi-
eendometrial stroma, and decidual cells. The intensity
‘staining increased in the latter population with pro-
ecidualization. Endometrial glands and myometrial
muscle cells stained neither for GLUT1 nor for GLUT3
stimplantation. During all developmental stages exam-
LUT4 was visualized throughout the pregnant rat uterus,
GLUT3 (with the above-mentioned exceptions). The den-
GLUT5 was generally less than the sensitivity of the im-
tochemical detection method in alt tissues investigated.
nelusion, the data point to a significant expression of the
fﬁgity glucose transporters GLUTs 1, 3, and 4 in the rat

y mammalian embryos are not able to utilize glucose
LNergy source until compactation The situation
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proteins [1]. From this stage onward, adequate transfer of
glucose from the mother to the embryonic compartment is
decisive to the survival and normal development of the em-
bryo in utero [2] In general, glucose transport can be
brought about by a sodium-coupled mechanism or by fa-
cilitated diffusion along a concentration gradient The jatter
process is mediated by carrier proteins rendering substrate
entry approximately 10 000-fold faster than that calculated
for diffusion across the lipid membrane layer The transport
facilitators are approximately 500 amino acids in length and
belong to a growing superfamily of integral membrane gly-
coproteins with 12 membrane-spanning domains. The
genes of these glucose transporters have been designated
as GLUT]1 through GLUTY, in the order in which they were
identified Very recently, GLUT8 and GLUT9 have both
been described [3, 4], but their similarity with the “clas-
sical” GLUT isoforms is not higher than that with bacterial
inositol, arabinose, or xylose transporters [5] Therefore,
they constitute a Separate branch within the family of hex-
ose transporters. The clone termed GLUT?Y has turned out
to be an artifact and does not, as suggested previously, en-
code a liver endoplasmic reticulum transporter. Addition-
ally, GLUTS6 encodes a pseudogene that is not translated
into protein, and GLUT?2 has, alternatively to its glucose
transport function, also been considered to serve as g glu-
cose sensor and/or a fructose transporter. It is somewhat
unusual, in that it operates with a significantly lower affin-
ity for glucose than any of the other isoforms and can,
therefore, not function efficiently in the low-glucose envi-
ronment prevailing in the uterus n contrast, the remaining
isoforms (GLUTs 1, 3, 4, and 5) represent high-affinity
transport facilitators. Because of their low Michaelis con-
stant (K ), these transporters function at rates close to max-
imal velocity Thus, their level of cell surface expression
greatly influences the rate of glucose uptake into the cells
Because considerable agreement now exists that the sig-
nificance of sodium-dependent tansport in supplying pre-
implantation embryos with glucose is not worth mentioning
(for review, see [1]), it seems reasonable to assume that
facilitative glucose transporters might play a pivotal role in
meeting the energy requirements of the embryo during the
critical period between blastocyst formation and implanta-
tion. For obvious ethical reasons, no information is gener-
ally available regarding glucose transporter expression in
the human uterus or developing (i.e., nonpolypleid) embryo
during the first weeks of pregnancy. However, in the com-
menly used animal models. the spatiotemporal distribution
pattern of GLUT proteins also has not been investigated in
the uteroembryonic unit from conception until postimplan-
tation. To close this gap, we have performed experiments
to study. in parallel, expression of the high-affinity sugar
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FIG. 1 Distribution of glucose transport-
ers GLUTT {yellow), GLUT3 {blue), and
GLUT4 {pink) in the developing rat uter-
oembryonic unit between GD 1 and GD
8 Empty cells in the table indicate that
the concerned tissue is either not yet dif-
ferentiated or has not been investigated at
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orters GLUTs 1, 3, 4, and 5 during decidualization,
tation, and eaily postimplantation (Gestational Days
:1-8) in the rat conceptus and uterus.

ERIALS AND METHODS

Nunohistochemistry was performed on paraffin-embedded sections
‘developing rat uteroembryonic unit between conception and GD §
v,:l mlof 1% (v/v) Evans blue in 0 9% (v/v) NaCl was injected into
sterior right femoral vein of 32 impregnated white Wistar rats under
#2p éther anesthesia 1o identify the implantation areas within the uterus
Lilifutes after the injection, the anterior abdominal wall was opened.
Sue samples were taken from parts of the uterus containing the dye
*samples were fixed in Holland fixative for 4 h, embedded, and then
il sections (6 p.m) were collected on SuperFrost Plus slides (Novoglas
e, Switzerland) After rehydration, samples were transferred to 0.01
irate buffer (pH 6) and subsequentiy heated twice in a microwave
% for 5 min each time at 750 W for antigen retrieval After cooling for
Nin at room temperature, the sections were washed with PBS. To re-
’"O.V_ endogenous peroxidase activity. sections were kept in 3% H,0, for
in and afterward washed with PBS Sections were incubated for 60
Toom temperature in a moist chamber with rabbit antisera against
Loterminal sequences of GLUTH (CGLFHPLGADSQV), GLUT3
NSMQPVKEPGNA)‘ GLUT4 (CTELEYLGPEND), and GLUTS (ELK-
.PVTSEQ) (all from Chemicon, Temecula. CA)} Antisera were diluted
200D (vry) (GLUT1). 1:500 (GLUT3), 1:100 (GLUT4) and 1:300
QI;UU) with Antibody Diluent (Dako Carpinteria. CA) Labeling was
SUalized using the Universal LSAB kit (Dako) according to the manu-
Urer's instructions The sections were counterstained with Mayer hem-
U (Merck. Darmstadt Germany) and mounted with Kaiser glycerol
e.l‘{[ln (Merck) For controls. sections were incubated with antisera pread-
tbed with corresponding oligopeptides (10 pg/ml: Pichem, Graz. Aus-
W) based on the sequences used for the immunization of the antibody-
CTating rabbits Pictures were taken with an Axiophot microscope
: Z_e_‘SS. Oberkochen Germany)
-':[nVESIig:uions were conducted in accordance with the Guide for the
M8 and Use of Laboratory Animals (Institute for Laboratory Animal

R

Bewrch of the Nutional Academy of Science. Bethesda, MD: 1996,

RESULTS

The density of GLUTS in rat uterus and developing em-
brye was generally less than the sensitivity of the immu-
nohistochemical detection method between GD 1 and GD
8 The distribution of the GLUTs | 3, and 4 in the rat
uteroembryonic unit is detailed in Fipure 1 Major findings
are presented below.

Gestational Day 1

At the first day of gestation. GLUT3 was localized in
distinet populations of endometsial stromal cells and in the
uterine epithelium (Fig. 2A). The GLUT4 antiserurm im-
munoreacted with the uterine epithelium, endometrial stro-
mal cells, epithelium of the endomeuiy] glands, and myo-
metrial smooth muscle cells (Fig. 2B) The significant
GLUT4 labeling in uterine glands as well as in endometrial
stroma and myometrial smooth muscle cells was observed
throughout the whole gestational period investigated, with
no (or negligible) decrease in intensity (Fig. 1). In contrast
to the homogeneously distributed GLi14 signal within the
cells of the luminal uterine epitheliy] layer (Fig. 2B)
GLUT3 staining was limited to plasma membranes, being
more pronounced in the apical membranes of the uterine
epithelium than in the basolateral areyy (Fig 2A) However,
GLUTI could not be detected in the uterus of the newly
impregnated rats,

Gestational Day 2

The localization of GLUTs 1 3.
that observed at GD 1

and 4 was similar to
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sional Day 3

éiﬁt GLUTI reaction emerged in the tuminal uterine
jjpm, endometrial stroma, and primary endometrial
al cells with progressing decidualization at GD 3.
trial glands and myometrial smooth muscle cells
-stained for GLUTI nor for GLUT3, and the re-
ells remained negative for both transporters until
p!antation (Fig 1) In contrast, GL.UT3 staining was
screased in the apical region of utetine epithelial cells
ied with GDs 1 and 2 Endometrial stromal cells and
¥ endometrial decidual cells also reacted with the
¥ antiserum, but the Iatter stained more intensely

jonal Day 4

.GLUTI staining became more apparent in the cell
tions where it was first recognized the day before.
LUT4 immunoreactivity was visualized throughout
erus, as was GLUT3 immunoreactivity (with the
mentioned exceptions). Both transport facilitators
-most abundant in the primary decidual cells

ational Day 5

lantation starts at this developmental stage, and the
astocyst that became visible in these sections was im-
ositive for GLUTs 1, 3, and 4 (Fig. 2, C-E) This
n pattern remained constant until GD 8, with only
hanges in intensity (Fig 1). The glucose transporter
ssion of the uterus roughly resembled that observed
D 4, apart from a drastically reduced GLUT] and
T4 staining in the epithelium, which was found exclu-
n the antimesometrial region (Fig. 2, C and E)

etal endodermal, visceral endodermal, primary ec-
fnal, extraembryonic ectodermal cells, and the ecto-
ntal cone immunoreacted with antisera to GLUTs i,
and 4 (Fig 2, F-H). The newly emerging secondary
idual cells were weakly or moderately labeled for

2 Transverse sections of the developing rat utercembrycnic unit
CD 1 (A and B), GD 5 (C-EB). and GD 6 (F-H) For every develop-
__al stage and GLUT isoform, control sections were incubated with
Asera preadsorbed with corresponding oligopeptides; examples are

- as insets in A and € A} GLUT3 at GD 1 Arrowheads indicate
ne lumina! epithelium; the arrow points to an immunonegative en-
i‘?‘".lelr_i'al gland B) GLUT4 at GD 1 Arrowheads indicate uterine luminal
elium; the arrow points to an immunopositive endometriai gland. C)

al GB 5. Arrowheads indicate uterine luminal epithelium The
larrow) is located antimesometrially in the uterus lumen D)
at GB 5 Arrowheads indicate uterine luminal epithelium; the
Oints to the embryo. E) GLUT4 at GD 5. Arrowheads indicate
e luminal epithelium; the arrow points to the embryo F) GLUTT at
5 The black arrow points to ectoplacental cone, the red arrow to
"etal endoderm, the black arrowhead to visceral endoderm, the red
thead o extraembryonic ectoderm, and the vellow arrowhead to
oY ectoderm. G) GLUT3 at GD 6. The red arrow indicates parietal
_d_.ﬁderm. The black arrowhead points to visceral endoderm, the red
ead to extraembryonic ectoderm, and the yellow arrowhead to
'Y ecloderm. H) GLUT4 at GD 6 The black arrow points to ecto-
Mal cone, the red arrow 1o parietal endoderm the black arrow head
i rhft‘ral endoderm, the red arrowhead to extraembryonic ectoderm,
i e vellow arrowhead to primary ectoderm ESC, Endometrial stromal
" MSMC. mivometrial smaoth muscle cells: PDZ primary decidual
4 S _SDZ, secondary‘ decidual zone; UL, uterus lumen. Magnification
lgr A-E X300 1or Fand H %600 for G, and %350 for the insets in

fibryo
dUT3
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GLUT! (Fig. 2F), GLUT3, and GLUT4; otherwise, 1o con-
siderable changes were observed in uterine glucose trans-
porter distribution compared to that found a: GD 5.

Gestational Day 7

Embryonic tissues stained more intensively for GLUT1
at GD 7 than at GD 6. Simultaneousty, a striking increase
of this isoform was observed in the secondary decidual
zone of the uterus (Fig 3A). No significant changes were
observed in embryonic GLUT3 and GLUT4 expression be-
tween GD 6 and GD 7 (Fig. 3, B and Q) Generally, to-
gether with the capsule and the glycogenic area, the sec-
ondary decidual zone represented the major site of GLUT
expression in the uterus

Gestational Day 8

Except for the primary decidual region, where GLUT]1
was no longer detectable and GLUT3 and GLUT4 staining
was markedly reduced (Fig. 3, D-F), the antisera labeled
the same uterine structures as they did at GD 7 Conspic-
uous GLUT3 expression was visualized in the glycogenic
area (Fig. 3H) accompanied by immunoreactivity for
GLUT! (Fig 3G) and GLUT4 (Fig 3F). Trophectoderm,
inner cell mass, and the ectoplacental cone expressed
GLUTs 1, 3, and 4 (see insets in Fig. 3, D-F).

DISCUSSION

In the present study, data concerning the expression of
facilitative glucose transporter proteins are provided, to our
knowledge for the first time, from conception until an early
postimplantation stage of the rat.

The heterogeneously glucosylated GLUT! isoform was
originally considered to represent the specific transport ma-
chinery for glucose in epithelial cells of blood-tissue bat-
riers, such as the placental trophoblast [6, 7] The data pre-
sented here for the rat implantation period demonstrated
GLUTI to be expressed in all embryonic cell populations
examined, which is in good agreement with the preceding
GLUTI expression in mouse morulae [8] as well as an
intense labeling of the respective transcript throughout in
the early postimplantation rat embryo [9] Duting subse-
quent developmental stages of the rat conceptus, GLUTI
was even reported to represent the predominant glucose
transporter isoform [10]. CoHectively, these results support
the concept of a more ubiquitous occurrence of GLUTI,
which might play a kind of “housekeeping™ 10le [11]. thus
covering the cellular glucose requirement for ATP produc-
tion and biosynthesis of sugar-containing macromolecules,
at least during embryonic development. In the uterus, de-
cidual cells above all were found to contain appreciable
amounts of GLUT protein, also coinciding with the earlier
significant GLUT1 mRNA levels detected in this tissue 9]

The transporter isoform characteristic for cells with high-
glucose requirements. such as neurons or tumor cells [12]
is GLUT3, because it has a particularly high affinity for
glucose In this study, GLUT3 protein was most abundant
in embryonic cell populations. in accordance with notice-
able mRNA staining demonstrated previously for rats at
GD 8 [9] Rat embryos were also shown to express signif-
icant amounts of GLUT3 during organogenesis [ 13]. Within
the rat uterus. the highest GLUT3 levels were found in
decidual cells, which is in contrast to the refatively little
GLUT3 mRNA detected there by in situ hybridization [9]
These divergent data may reflect a significant posttranscrip-
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1 GLUT3 reguiation, such as a reduced turnover rate
pe transporter protein, and/or a stabilization of the
3 mRNA In the nonpregnant rat uterus, GLUT3 has
jeen detectable at all [12, 14], which suggests that uter-
gpression of this isoform is only induced in the wake
jecific differentiation programs associated with gesta-

pression of GLUT4 is considered to be limited to in-
esponsive tissues. Welch and Gorski [14] have dem-
ated GLUT4 mRNA and protein in the nonpregnant
terus, and the immunohistochemical data presented
clearly identified GLUT4 as a glucose carrier protein
ssed in this organ between GD 1 and GD %. Endo-
al glands and myometrial smooth muscle cells even
wained GLUT4 exclusively In uterine epithelial cells
x‘pressing GLUT4 with GLUT1 and/or GLUT3, a dif-
nce in the intracellular staining pattern of these mole-
became apparent at the light microscopic level. The
T4 signal was homogeneously distributed throughout
ells, whereas the GLUT1 and GLUT3 signals were
re restricted to the plasma membranes (Fig. 2, A and
). The homogeneous GLUT4 staining might be ascribed
intracellular reserve pools of this molecule. Reserve
Is could not be detected for the other isoforms exam-
ned, although a growing body of evidence suggests that
e level of functional plasma membrane GLUT! trans-
ers is also determined via subcellular trafficking of the
n [15] In contrast to the pregnant rat uterus, GLUT4
vity in embryo-derived tissues and in the embryo
r was rather moderately, but clearly, detectable In
eneral, GLUT4 expression in embryonic cell populations
ontroversial issue. Because we are the first, to our
owledge, to investigate rat embryos around implantation
his context, our positive results for GLUT4 are unique
ar. Until now, only the transcripts were identified in the
eveloping rat brain as early as GD 14 [16] and in the rat
centa between GD 14 and GD 21 [17] Indeed, recent
ports concerning other species support our findings. The

3 Transverse sections of the rat uteroembryonic unit from G 7
}and GD 8 (D-H) For every developmental stage and GLUT iso-
i, control sections were incubated with antisera preadsorbed with cor-
sponding oligopeptides; an exampie is shown as an inset in C. A)
LUT1 at GD 7. The black arrow points to ectoplacental core the red
"Ow to parietal endoderm, the black arrowhead to visceral endoderm,
¢ red arrowhead to extraembryonic ectoderm, and the yellow arrow-
hea_d fo primary ectoderm B) CLUT3 at GD 7. The red arrow indicates
tietal endoderm The black arrowhead points to visceral endoderm, the
arowhead to extraembryonic ectoderm, and the yellow arrowhead
Primary ectoderm C€) GLUT4 at GD 7 The black arrow points to ec-
lacental cone the red arrow to parietal endoderm, the biack arrow-
ad 10 visceral endoderm, the red arrowhead to extraembryonic ecto-
'™, and the vellow arrowhead to primary ectoderm D) GLUTI at GD
€ arrow points 1o the embryo inset: The red arrow indicates parietal
derm, and the black arrowhead points to visceral endoderm, the red
head 1o extraembryonic ectoderm, and the yellow arrowhead to
Mary ectoderm E) GLUT3 at GD 8 The arrow points to the embryo
88t The red arrow indicates parietal endoderm and the black arrow-
beag points to visceral endoderm, the red arrowhead to extraembryonic
Toderm, and the yellow arrowhead to primary ectodermn FI GLUT4 at
GD 8 The arrow points to the embryo Inset: The red arrow indicates
Pfietal endoderm, and the Mack arrowhead points to visceral endoderm
o= red arrowhead to extraembryonic ectoderm and the yellow arrow-
;ﬂd 1o pr_imarv ectoderm G) CLUTT at GD 8 in the givcogenic arenr
Iows point to blood vessefs. H) GLUT3 at GD 8 in the glycogenic area
pnOWS point ic bload vessels C, Capsule; GA glycogenic area; PDZ
;-(.;f[‘ar\_ decidual zone: SDZ secondary decidual zone Magnification

20 for A-C, X75 for D-F %600 ior G and H X 100 for the inset in
end %200 ior the insets in D—F

GLUCOSE TRANSPORTERS IN RAT EMBRYO AND UTERUS

1369

GLUT4 mRNA was visualized in bovine blastocysts [18],
and both transcript and protein were found in murine neu-
roepithelium as early as GD 9 [19] However, several earlier
attempts failed to detect GLUT4 mRNA [9, 10, I3] and
protein [20] in the rat conceptus between GD 9 and GD
14, and a number of older investigations concerning mice
provided evidence against GLUT4 expression during peri-
implantation development [21-24].

Interestingly, the tissues staining for GLUT4 in this
study are also richly endowed with the insulin receptor {un-
published results) This finding coincides with the presence
of insulin receptor mRNA in preimplantation rat ernbryos
(23] In addition, embryonic and uterine insulin 1eceptor
expression has also been demonstrated in various mam-
malian species different from rat [26-30] Duting the period
of time investigated here, the uterus undergoes extensive
remodeling to prepare for the invasion of the embryo.
These changes impose acute metabolic demands on the
cells, which can largely be met by utilization of glucose
Thus, having the uterine GLUT staining pattern in mind, it
1s conceivable that insulin not only promotes cellular pro-
liferation and differentiation events in the uterus but also
stimulates uterine glucose uptake mediated by the insulin-
sensitive GLUT4. In addition, later during gestation,
GLUT4 would be ideally suited for covering the increasing
glucose requirements of the gravid uterus, because its ac-
tivity could increase in response to the elevated plasma in-
sulin levels that can be observed with continuing pregnancy
[31]1 The appearance of insulin receptors on embr yonic
cells is delayed until the compacted eight-cell stage [23]
and parallels the switch of the conceptus to a glucose-based
metabolism. Accordingly, one may expect that insulin,
apart from acting mitogenically, exerts its effect on glucose
transport in the embryo as well Increasing evidence sug-
gests that diabetes-like conditions retard embryonic devel-
opment via down-regulation of GLUTs and the triggering
of apoptosis [6, 32, 331, but the most important outcome
of the rare studies dealing with GLUT regulation by insulin
during early pregnancy is that these deleterious effects of
hyperglycemia on reproductive performance can be pre-
vented by treatment with insulin {2, 34, 35]. In this context,
reports showing that the overall expression levels of GLUTs
I, 3, and 4 remain unaffected by the hormone in various
rat embryonic cells [10, 36] seem rather perplexing How-
ever, the supposed discrepancy no longer appears as such
when insulin is considered to bring about the translocation
of GLUT4 from intracellular vesicies to the cell membrane.
This mechanism, which could compensate for impaired
GLUT expression, is well known from other insulin-depen-
dent tissues (for review, see [37]) and has also been dem-
onstrated in rat embryonic myoblasts [36]. The activity of
the previously unidentified GLUTS glucose carrier, which
was among other sites detected in the mouse blastocyst is
regulated similarly by insulin [3] Therefore, GLUTS seems
to be a candidate for supplementing or even overriding,
the action of GLUT4 in the embryo. because its K, is clos-
er to that of GLUT3 than to those of the other transporters.

In summary, the results demonstrate the paramount im-

portance of high-affinity glucose transport facilitators for

rat peri-implantation embryos. and they suggest a different
functional significance for the individual isoforms in the
developing uteroembryonic unit
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the protein primer for glycogen synthesis, and the high
potential regulator of cellular glycogen metabolism, in
stochemistry and Western blotting. At term, glycogenin

Trophoblast as well as basal decidual cells were moderately
mester placentae resembled that at term, but reactivity was
us cytotrophoblast were the major sites of GLUTS3 expression.
GLUT3 antiserum. Western blotting identified both free and
reacting with GLUT3 antiserum in placental villous tissue.
y amylolytic glycogen digestion, although preceding electron
glycogen. These data may indicate that placental glycogenin

it is located on the surface of the glycogen molecule. In
clusion, the co-expression of glycogenin with GLUT3 mij

e effectively according to prevailing metabolic demands

ght enable glycogen-storing cells to exchange glucose
of glycogen synthesis or degradation.

‘oduction

he placenta is not capable of producing appreciable
ounts of glucose until late in gestation, the first limiting
cp in placental glycogen biogenesis is the uptake of glucose
cells fronting to the maternal or fetal circulation This
mecess is brought about by facilitated diffusion along a
MCentration gradient and involves certain members of a
Owing superfamily of integral membiane glycoproteins,
med GLUT (-9
 The subsequent steps in the glycogenetic cascade were
msidered to be classical, well explored pathways untit the
5t decade Starting with a carbohydzate primer of unknown
Mgin all that was needed for glycogen synthesis were
DPglucose, glycogen synthase and a branching enzyme This
Mplistic concept is now to be changed considerably by
%ing into account two recently identified molecular species
Witionally involved in glycogenesis: the glucosyltransferase
icogenin (EC 2.4 1.186: not a carbohydrate) as the original
“mer (Whelan. 1986) and the stable glycogen-precursor
P@glycogen (Lomako eral . 1991), Based on these findings, the
0HOWing sequence of glycogen metabolism is now becoming
e, glycogenin transfers gluevse from UDPglucose to the

-2 Ewropean Sociens of Human Reproduc rion and Embryology

hydroxyl of its Tyr-194 and then adds further residues to
form protein-bound maltosaccharides This fully glucosylated
glycogenin serves as the primer for the synthesis of proglycogen
by & putative proglycogen synthase (distinct from the well
recognized glycogen synthase) and branching enzyme with
UDPglucose as substrate. Subsequently, the classical glycogen
synthase and branching enzyme take progiycogen to glycogen
Proglycogen also functions as an intermediate in glycogen
degradation When it is caused to break down to glycogenin,
the enzyme regains its autocatalytic activity and is ready to
prime glycogen biogenesis as soon as glucose is taken up by
the cell

Evidence has been provided from various cells and tissues
(Lomako er af. 1993 Frean et af 1994: Mu and Roach,
1998), suggesting that glycogenin may 1epresent the key
control point of glycogen metabolism even having the potential
to override what was previously considered to be the rate
limiting enzyme. glycogen synthase (Alonso er al . 1995; On
the other hand. glycogenin itself. being downstream of glucose
carriers in the synthetic pathway. is dependent on effective
glucose uptake to provide substrate for autoglucosylation
(Mueckler and Holman. 1995). Therefore. in a first step to
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deeper insight in placental glycogen metabolism. the
study investigated the expression of glycogenin and

ah affinity GLUT3 giucose transporter in first trimester
y human placenta

rials and methods

s participating in the study were non-cbese and consumed
ary diets withourt any sy stematic attempt to restrict calories. The
l;ad ne family history of diabetes and were endocrinologically
according t0 serum concentrations of [ H FSH. prolactin,
ol and progesterone The pregnant women routinely underwent
glucose tolerance test, showing that none of them had
al diabetes
linically
nancies which were interrupted for psychosocial reasons
cuum suction and curetlage at gestational week 12, Term
enfae (1 = 5) were investigated after uncomplicated pregnancies
'\}égina] deliveries in gestational week 39 Term placental weights
ed from 421-605 g (mean 543) with babies weighing 2850-
0 g (mean 3180) Villous tissue was identified and isolated from
jonic plate and decidua under the dissection microscope

-polyacrylamide gel electrophoresis and Western blotting

Hlous tissue from human placentae was homogenized ang cellular
ins  were solubilized in Laemmij sample buffer (Sigma,
ufkirchen. Germany) supplemented with Complete protease inhib-
ocktail (Boehringer, Mannheim, Germany). Insoluble materia)
emoved by centrifugation at 100 000 g for 1hat 4°C Samples
either used immediately or stored for up to 10 days at -70°C
or to electrophoresis, samples were hoiled for 3 min at 100°C
Equal amounts of protein, determined according fo Lowry e ol
j . 1951) were subjected to sodium dodecy] sulphate
DS)-polyacrylamide gel electrophoresis on 8-18% gradient gels
celGel: Amersham Pharmacia Biotech, Freiburg, Germany} using
DS buffer strips (ExcelGel; Amersham Pharmacia Biotech) Samples
run for 150 mir at a constant 600 V/I50 mA/30 W. Proteins were
finsferred onto nitrocellulose membranes (Amersham Pharmacia
iotech) by semi-dry etectroblotting in a buffer containing 0.2 mol/!
ycine, 25 mmol/l Tris and 20% methanol for 45 mir at 30 V7100
nA/6 W, Successful transfer was confirmed by Ponceay 3§ (Sigma)
tining of the blots
The membranes were blocked for 12 h with 5% non-fat dry milk
ioRad, Hercules CA, USA) and 0 1% TI'ween-20 (Sigma) in (.14
Holf! Tris-buffered saline (ITBS)pH 7.2-7 4 at 4°C The same solution
4 used for subsequent washings and as diluent for the antibodies
:The blotting membranes were incubated for 1 h at room temperature
¥ith antisera against glycogenin (Lomako ef al., 1988) (dilution
00) or GLUT3 (Chemicon, Temecnla, CA USA; dilation 1:3000)
er washing. the membranes were further incubated with rabbit
~goat 1gG horseradish peroxidase (HRP} conjugate (BioRad)
Uted 1:1000 for detection of glycogenin antibodies or goat anti-
__a'bbit IgG horseradish peroxidase conjugate (BioRad) diluted 1:5000

! -7.4, the immuno]abel]ing
¥as visualized using the chemiluminescence based SuperSignal

5.Chemiiuminescence {CL)-HRP Substrate System (Pierce, Rockford,

» USA) according to the mstructions of the manufacturer Mem-
Manes were exposed to Hyperfilm (Amersham Pharmacia Biotech)
hich wag subsequently analysed using an Eagle Eye II gel docu-
= Mentation unit {Suatagene, Cambridge. UK).

i

Control blots were incubated w it

h antibody diluent only instead of
the primary antiserum

Immunohistochemni stry

Crvostat sections (5 pum) of Placental tissue were fixed in dcetone
and treated for 3 min with blocking solution containing {% bovine
serum albumin (BSA) and 10% human serum  Specimens were
immunolabelled for 30 min a room lemperature using polyclonal
antisera against glycogenin (Lomako e o/ 1988: Smythe er ai .
1989) or GLUT3 glucose transporter (Chericon), each diluted 1:500
in antibody diluent (Dako, Carpinteria CA. USA) After three
washings in TBS-Tween 20, sections were incubated with either
biotinylated polyvalent {rabbit. mouse. goat) swine secondary anti-
body followed by streptavidin-HRP (LSAR+ Kit Dako}, or rabbit-
anti-sheep IeG conjugated with HRP (Dako; dilution 1:500) The
sections were washed again in TBS-Tween 20, and immunolabelling
was visualized by a 5 min eXposure to 3-amino-9-ethylcarbazole.

In control sections the primary antiserum was replaced by antibody
dituent (Dakepenly or normal rabbit serum respectively The sections
WETE counterstained with Mayer’s haemalum (Merck, Darmstadt,

Germany) Specimens were mounied with Kaiser's glycerol gelatin
(Merck)

Enzymatic glyeogen digestion

Glycogen in homogenate samples or tissue sections was digested by
incubation for 1 h at 37°C in a reaction mixture containing & pg/ml
human salivary O-amylase (Sigma), 10 lg/ml isoamylase from
Pseudomonas amyloderamos (Sigma), 50 pg/ml amyloglucosidase

from Aspergillus niger (Sigma), 8 mmol/ CaCly and 50 mmolA
sodium acetate buffer, pH 5 )

Cell culture

Mononucleated trophoblast was isolated from term human placentae
as described in detail elsewhere {Schmon et af 1991) Briefly. villous
material was digested with a 0.125% trypsin solution (Gibeco Life
Technologies Itd, Paisiey, UK). The released cells were loaded on
top of a Percoll (Amersham Pharmacia Biotech) gradient ranging
from 10~70% After centrifugation the band containing trophoblasts
was removed (Blaschitz ef af , 2000) Following extensive washings,
the trophoblasts were highly purified using immunomagnetic: particles
{Dynabeads M-280: Dynal, Hamburg, Germany) which had been
conjugated with the monoclonal antibody W6/32 (Serotec, Kidlington,
UK) against human leukocyte antigen (HLA) class-1 antigens In
the human placenta this antibody reacts only with stromal cells,
macrophages, the endothelium and with the extraviilous trophoblast.
It does not identify villous trophoblast, which is devoid of HLA
class-1 antigens (Shorter ef af | 1993)

Cells were plated at a density of 500 cells/mm? into  Transwell-
COL culture chamber inserts (Costar, Cambridge, MA, USA) or 35
mm polystyrene culwre dishes (Falcan Becton Dickinsan, Meylan
Cedex, France) and cultured in Dulbeceo’s modified Eagle’s medium
{DMEM; Gibco) supplemented with 15% defined fetal bovine serum
(HyClone I aboratories Inc, Logan, UT, USA), 100 pg/mi streptomy-
cin (Gibeo), 100 TU/ml penicillin (Gibco) and 100 Hg/ml amphotericin
B (Gibeo) at 37°C i a humidified atmosphere of 5% COyfair
Trophoblast cells were allowed to recover their microvillous surface
for 24 b after the trypsinization, before further analysis

Cell characterization

Viability of the trophoblast cellg was assessed after 24 h in culture
by 005% Trypan Blue (JRH Biosciences, Crawley Down UK}
dye exclusion during a 2 min incubation, and by measuring the
concentrations of B-human chorionic gonadotrophin (HCG) (QPUS




jmmunoassay; Behring Diagnostics Inc , Westwood, MA.
;ted into the culture media

hing with phosphate-buffered saline {PBS), the cells were
1.5% glutaraldehyde (Fluka Chemie, Buchs, Switzerland)
30 min at room temperature and then washed in ultrapure
er. three washings in ultrapure water the samples were
h 2% osmium tetroxide in cacodylate buffer at room
jrre for 20 min. The cells were washed with cacodylate buffer
and subsequently with distilled water for 10 min Samples
drated in 70% ethanol that wag replaced three times after
min Afterwards they were contrasted with 0 5% uranyl
1% phosphorotungsten acid and 709% ethanol for 30 min

a Zeiss 902
MICTOSCOPE al an accelerating voltage of 350 ¥V Photographs
en on Kodak electron mictoscope film $O 163 at 2s
me

, the cells were immediately scraped
ice-cold water and sonicated under extensive and careful
4°C) for 10s at a 40 W energy setting. The sonicate
enate) was adjusted to 30% KOH by the addition of KOH

[ 95% ethano? and mixing
cooled and centrifuged at
atant was aspirated, and the p
10 ml ethanol The supernat
ing fluid was evaporated by

again, the solution was heated to
2500 g for 15 min ar 4°C The
recipitate was washed once more
ant was again aspirated, and the
placing the tubes in boiling water
eW minutes until the precipitate was dry. The precipitate was
¢d in 400 Kl water and glycogen was estimated fluoro-
Matically (Nahorski and Rogers, 1972) using a Shimadzu RF-
1_]iectroﬂuorophotmmeter (Shimadzu Corp., Kyoto, Japan). The
"8 based on the enzymatic conversion of glycogen to 6-
bgluconate with amylo-o-1.4-0-1,6-glucosidase, hexokinase
"l.u'cose-6-pbosphate dehydrogenase The increase in NADPH is
lired ﬂuorometrically {excitation 350 nm/emission 460 nm) and
Portional to the amount of glucese released after digestion of
0 in the sample Liver glycogen (Sigma) was used ag standard.
Il glucose levels were measured by replacing amylo-o-{. 4-
“fffglucesidase with 02 mol/l acetate buffer (tH 48} Glycogen
ftwas calculated as the difference between total cellular glucose
_Ezycogen degradation and basa glucose levels and expressed as
= cellular protein, Protein content of the cells was measured
Uing 10 Lowry er al (Lowry er al  195])

'!3 e presented as mean +
“Whitney (test A lev
feant differences

8D Data were analysed using the
el of P < 005 was chosen to identify
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Figure 1. Representative Western blot of glycogenin (at 37 kDa)
also showing glucosylated species at higher molecular weights in
homogenates of first trimester and term placentaj villous tissue and

in a homogenare of term villous tissue after enzymatic glycogen
degradation (amylolysis)

L)

Y
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- 48 kDa

Figure 2. Representative Western blot of GLUT3
transporter in homogenates
villous tissue

glucose
of first trimester and term placental

Results

Glycogenin immunoblotting identified a major band at 37 kDa
In addition, a series of faint bands was v
o sizes >200 kDa {Figure 1) The 37 kD
the non-glucosylated
homogenates of term

isualized ranging up
a band, representing
glycogenin, was more pronounced in
than in homogenates of first rimester,
placental villi (integrated optical density: 077 + 021 Versus
022 + 007 arbitrary units: P < () 05) The staining pattern
temained virtually unchanged after pre-treatment of the samples
with a-amylase, isoamylase and amyloglucosidase (Figure 1)
Analysis of GLUT3 expression in villous tissue extracts by
Western blotting revealed 3 discrete band at 48 kDa reacting
more intensively in first trimester compared with term placental
villi (Figure 2: integrated optical density: 087 = 040 versus
005 = 002 arbiwraty units; £ < (05), Replacement of the
antisera with antibody diluent resulted in the absence of
detectable bands (Figures 1 and 2)

Immunohismchemicaliy glycogenin was most abundanr in
the endotheliom of fetaf vessels in term placeniae {Figure
3A) Syncytiotrophoblast. extravillous trophoblast and basal
decidual cells were moderately stained (Figure 3A and B)
Proliferating mesenchymal cells were also taintly labelled The
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': {C, G) bar = 60 um; (D, H) bar = 25 um

. 2lycogenin distribution in first trimester placentae resembled
- that at term, but reactivity was generally less intense (Figure
' 3C and D)

The GLUT3 antiserum labelled fetal endothelial cells in
- term and first trimester placentae independent of arterial or

1176

- Figure 3. Immunohistochemical identification {brown staining) of glycogenin (A~D) and GLUT3 glucose transporter (E—H) in human term
(A, B, E, F) and first trimester (C, D, G, H) placentae. Black arrow, endothelium of fetal vessel; red arrow, immunopositive extravilious

: rophoblast; yellow arrow immunonegative extravillous trophoblast; black arrowhead, syncytiotrophoblast; red arrowhead, basal decidual
cell; yellow arrowhead, proliferating mesenchymal cell; blue arrowhead, villous cytotrophoblast Magnifications: (A, B, E, F) bar = 40 pum;

venous nature of the vessels (Figure 3E-H) About 50% of
the extravillous trophoblast cells within the basal decidua were
strongly stained, whereas the other half of the population
remained negative for GLUT3 (Figure 3F). Decidual cells :
themselves also immunoreacted with the GLUT3 antiserum L




ure 4. Electron microgra,
shoblast with microvillous
2en aggregates (arrowheads
laments. Magnification: bar

h of a portion of term placental

plasma membrane showing several

) separated by bundles of actin-

ophoblast cells (Figure 3G) In confrast, the syncytiotro-
blast was generally not labelled by the antiserum (Figure

) None of the immunoreactions described ahove were

¢rved when the antisera w

n}) This result was the opposite of that
gue that the glycogenin domain recognized by the
odies is masked within g macromotlecular g
“ccomes accessible only after degradation of
chains covering it Therefore, it was addit
d whether there was glycogen present at all
‘Culured term placental villous trophoblast ¢
iability of these cells was >90%
% appeared as pepulations tendi
lure but did not fuse to multinue
flron microscopic examination 0
ed 2 pale cytoplasm and pleom
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ks of rough endoplasmic reticuly
- few mitochondria and a micr
fa-facing surface (Figure 4
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226 mIU/ 08

expected, since

lycogen particle
the polysaccha-
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. using isolated
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The accumulated level of B-
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cells after 24 h in culture

Expression of glycogen regulators in placenta

Measuring the glycogen content of isolated trophoblast celis
on the basis of enzymatically released glucose residues resulted
in values of §7.35 * 16 37 lg/mg protein

At the electron microscopic level, glycogen was visualized in
trophoblast cells as small individual granules and prominent
aggregates The latter resembled O-patticles and were often
associated with large arrays of actin-like filaments (Figure 4)

Discussion

The present study for the first time provides data on the spatio-
temporal expression of glycogenin, the rediscovered protein
primer for glycogen synthesis (Whelan, 1986) in the human
placenta Highest levels of the enzyme were found in endothelial
cells, which is in good agreement with significant amounts of
glycogen detected in human placental endothelium (Jones and
Desoye, 1993), Other glycogenin-positive populations were vill-
ous and extravillous trophoblast, and decidual cells The latter
are connective tissue stromal cells in the endometrial stratum
functionalis, which start accumulating glycogen in the secret-
ory phase
Western blotting identified the 332 amino acid glycogenin in
extracts of placental villous tissue at 37 kDa, suggesting that
there is a reservoir of free glycogenin present in this organ, as
also seems (o be the case in liver (Ercan eral | 1994), but not in
muscle (Smythe and Cohen, 1991: Alonso et al . 1993) Flaoro-
enzymatical estimation revealed that term placental villoys
trophoblast cells contained moderate amounts of glycogen,
which was shown to be aggregated to macromolecular C-par-
ticles at the electron microscopic level The lack of effect of
amylase treatment on immunochemical glycogenin detection
levels is consistent with the idea that glycogenin could be located
in the outermost regions of glycogen instead of in the cenire,
thus enabling its recognition by specific antibodies also in the
macromolecular polysaccharide Alternatively, it is also con-
ceivable that glycogenin molecules may become separated from
the nascent glycogen chains, resulting in a more or less constant
cellular pool of immurochemical-detectable glycogenin under
basal conditions
Several studies have failed to demonstrate insulin effects on
placental glycogen content (Shaftir and Barash. 1991). and the
hypothesis has been advanced that the synthesis of placental
glycogen is driven by substrate availability (Desoye and Shafrir,
[994) Since we (Hahn er al , 1998a 2000y and others (Hisley
er al, 1998) have shown that the expression of the ubiquitous
GLUTI glucose lransporter in the placenta is impaired under
hyperglycaemic conditions. which hardly tallies with increased
placental glycogen levels in diabetes (Desoye and Shafrir 1996),
we reinvestigated the expression of another potential glucose
scavenger (GLUT3) in the placenta using arefined avidin-biotin
technique In line with earlier reports (Hauguel de Mouzon er o/ .
1997; Hahn et al . 1999). GLUT3 was abundantly expressed in
fetal vascular endothelium not restricted to arterial vessels only
as was suggested (Head er /. 1999) Ip placental trophoblast.
GLUT3 expression has been highly controversial, Despite the
detection of mRNA (Clarson er g/ 1997; Estetmnan er al . 1997)
and protein (Allen and Smith. 1992: Tansson er af . 1993) by
Northern and Western blotting respectively. numerous studies
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ﬁegn unsuccessful in immunohistochemically visualizing
[3 in term placental villous trophoblast (Jansson er al s
Barros et al , 1995; Hauguel de Mouzon er al, 1997;
Jainen e7 al, 1997; Hahn er al , 1999) In contrast, Ogura
demonstrated the carrier in this cell population using tissue
4ns of first trimester placental villi {Ogura er al, 2000)
ophoblast cells and syncytiotrophoblast in chorio-
oma tssue, as well as trophoblast-derived JAR and
choriocazcinoma cell lines, which are frequently used as
415 for dividing trophoblast cells, have also been shown to
Jwith antisera against GLUT3 (Clarson ef al, 1997; Hahn
4, 1998b) In the present study, we have unambiguously
dfied this transporter isoform in placental extravillous
poblast - and  villous cytotrophoblast — sub-populations,
s it was not detectable in the differentiated, mitotically
ive villous syncytiotrophoblast  Taken all together, the
e supposed inconsistencies in data no longer appear as
:'When trophoblast GLUT3 expression is considered to be
ined to rapidly proliferating, poorly differentiated cells as
“son er al first suggested (Clarson et al | 1997y GLUT3
als detected in term placental villous trophoblast by blotting
riments might have been due to cross-contaminatin g tropho-
ifg{st_'sub-populations {Blaschitz er af , 2000)

conclusion, the most important outcome of this study is
0-expression of glycogenin with the high affinity glucose
porter GL.UT3 in endothelium, basal decidua and invading
~avillous trophoblast. GLUT3 may enable these cells to take
alie substiate for glycogen biogenesis effectively even under
tions of GLUT1 down-regulation.
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Physiological Leukocytosis during Pregnancy
is Associated with Changes in Glucose
Transporter Expression of Maternal Peripheral
Blood Granulocytes and Monocytes*
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PROBLEM: The scarce data on glucose transporter expression of leukocytes are
contradictory and nothing is known about changes accompanying physiological
leukocytosis during pregnancy, which imposes acute metabolic demands on the cells.
METHOD OF STUDY: Cytospin preparations of intravascular leukocytes were
searched immunocytochemically for the high affinity glucose transporters GLUTI, 3
and 4 Pregnancy-associated gquantitative changes in transporter expression were
assessed by flow cytometry.

RESULTS: Granulocytes and monocytes stained for GLUTI. 3 and 4. Major
changes in ezl surface transporter expression during pregnancy were a 36%
(P < 005) down-regulation of granulocyte GLUT1 at term, and an increase in
monocyte GLUT3 levels to 137% (P < 005). paralleled by a 24% (P < 0.03})
decrease in GLUT4 content in second trimester Apart from a minor subpopulation,
lymphocytes were negative for these carriers

CONCLUSION: GLUTI, 3 and 4 are abundantly expressed in granulocytes and
monocytes The particular isoforms are differentially regulated during pregnancy.
suggesting an individual functional significance

*This work is @ part of the thesis of Emin T Korgun submitted ar the Akdeniz
University Antalya. Turkey.
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fe activation of maternal leukocytes after fertilization
- well documented phenomenon'® and js considered
play an integral role in the control and maintenance
“a normal pregnancy from mmplantation to partur-
on, by protecting the developing fetus against
cending infections.? This so-called physiological
ukocytosis imposes acute energy-metabolic demands
the cells involved that aze almost exclusively met by
colysis,? Glucose, its primary substrate, can either
supplied by uptake from the extracellular space or
consumption of endogenous glycogen stores. Even
the latter case, adequate glucose transfer is of critical
portance for mnourishing leukocyte functions,
ause it must precede the cellular accumulation of
glycogen. There is increasing evidence showing the rate
glycogen synthesis to be determined by glucose
ransport efficiency rather than by the activity of
cogen synthase * Also glycogenin, the recently
ediscovered protein primer for glycogen synthesis, is
bcated downstream of glucose transporters in the
ynthetic pathway and thus depends on glucose uptake
roviding substrate for autoglucosylation
In general, glucose transfer can be brought about by
cilitated diffusion along a concentration gradient or
Y 2 not yet understood sodium-coupled mechanism
ing largely restricted to intestinal and proximal renal
bular epithelial cells The former process is mediatad
carrier proteins rendering substrate entry about
000 times faster than calculated for diffusion across
¢ lipid membrane layer The transport facilitators are
out 500 amino acids in length and belong to a
owing superfamily of integral membrane glycopro-
hs with 2 membrane-spanning domains The genes
of these glucose transporters have been designated
GLUTI-GLUTY in the order in which they were
Wentified. The isoforms GLUTL. 3 and 4 represent
high affinity transport facilitators. Because of their low
Michaelis constant (Kny). these transporters function ar
2 lates close to maximal velocity Thus their level of cell
“ Surface expression greatly influences the rate of glucose
“lptake into the cells.
. In the present study we examined the immunocyto-
© Yemical distribution of GLUT] 3 and 4 in human

. 2Peripheral blood granulocytes. monocytes and fym.
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phocytes using a refined avidin-biotin tectinique. Then
we searched for quantitative changes in cell surface
lransporter expression associated with the rise in
leukocyte count during pregnancy by flow cytometry

MATERIALS AND METHODS

Patients

The study was approved by the University of Graz
Ethical Committee. Twelve non-pregnant women and
nine first trimester, seven second trimester and seven
third trimester gravidas participated in the study after
having given informed consent. They were non-obese
{body mass index < 25 kg/m?) and consumed custom-
ary diets without any systematic attempt to restrict
calories The subjects had no family history of diabetes
and were endocrinologically normal according to serum
concentrations of LH, FSH, prolactin, estradiol and
progesterone The pregnant women routinely under-
wentan oral glucose tolerance test, showing that none of
them had gestational diabetes None of the women had
taken oral contraceptives or any other medication at
least 3 months before they were entered into the study.

Cytopreparation €y tocentvifugation

and Immunoc ytochemistr

Whole blood was diluted 1:1 {viv) with 3 g/L sodium
citrate in phosphate buffered saline (PBS) and loaded
onto a Ficoll-Hypaque density gradient (Pharmacia
Biotech, Freiburg, Germany) Afte; centrifugation for
30 min at 1000 ¢ at room temperature. mononuclear
cells were collected and placed into a disposable
cytofunnel sample chamber (Shandon. Pittsbure. PA.
USA) containing 100 pl. PBS The cells were spun
at 50 g for 5min at room temperature The siides
were dried for 2 hir at room temperature and washed
with PBS. After a 20-min exposure 1o blocking
solution, specimen were incubated for 60 min at
foom temperature in a moist chamber with rabbit
antisera against the C-terminal sequences of GLUTI
(CGLFHPLGADSQV). GLUT? (NSMQPVKEP-
GNA)Y and GLUT4 (CTELEYLGPEND) (all from
Chemicon. Temecula. CA. USA) These antisera were
diluted 1:1000 (GLUTI). 1:500 (GLUT3) and i:100
(GLUT4) with Antibody Diluent (Dako. Carpinteria,

AMERICAN JOURNAL OF REPRODUCTIVE IMMUNOLOGY VOL 48 2002
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A LSA) Staining with monoclonal CD43 antibodies
Dako) in 1:200 dilution was used to identify leukocy tes
1 the preparations Labeling was visualized using the
nnersal LSAB kit (Dako) according 1o the instruc-
tiens of the manufaciurer Specimen were counter-
“tained with Mayers's hemalum (Merck. Darmstadt.
Germany) and mounted with Kajser's glveerol gelatin
{Merck) For controls, cells were incubated with non-
immune rabbit serum (Dako) instead of the primary
antibodies  Pictures were taken with ap Axiophot
microscope (Zeiss. Oberkochen, Germany)

“Flove Chiomern

s Twe mucroliters of the above desciibed polyclonal
antisera against the glucose Uransporters GLUT!. 3 and
~4(Chemicon) were incubated in 160 dilution for 20 min
atroom temperature with 100 pL each of whole EDTA-
anticoagulated venous blood taken in the morning after
an overnight fast Non-immune 1abbit serum (Dako)
was used as contzol Cells were washed twice in 4 mL
PBS containing 0 1% sodium azide (PBS-NaN,) and
subsequently incubated with fluorescein isothjocyanate
(FITC)-conjugated swine antirabbit immunoglobulin
F(ab’)- (Dako; final dilution 1:20) a1 4°C in the dark for
20 min. Cells were then washed twice in 4 mL. PBS-
NaN; After washing, red cells were lysed by addition of
Ervthrocyte Lysing Reagent for Flow Cytometry
(Dako) to each tube The tubes were immediately
vortexed and incubated at room temperature for
10 min in the dark Again . the cells were washed twice
with 4 mL PBS-NaN, and centrifuged at 300 g for
5 min at 4°C and finally resuspended in 200 vl PBS
Samples were analyzed using a FACS Calibur Flow
Cytometer (Becton Dickinson, San Jose, CA, USA)
equipped with an argon laser (wavelength 488 nm)
using the CellQuest program. Gates were set on
granulocytes, monocytes and lymphocytes in the
forward scatter/side scatter diagram.

Staristics
Statistical analysis was performed by the Mann—
Whitney U-test A Jevel of P < 005 was chosen to
identify significant differences

RESULTS

Granulocytes and monoecytes mmmunoreacted with
antisera against the glucose transporter Isoforms
GLUT!, 3 and 4 in cytospin preparations (Fig 1)
and flow cytometry (Fig. 2) In contrast. apart from a
minor. not yet precisely defined subpopulation, lym-
phocytes 1emained negative for these carriers using
immunochemical detection methods (Figs land?2) In
CYtospin preparations from non-pregnant  women,

© BLACKWELL MUNKSGAARD 2002

granulocytes stained more intensely [or the transporte;
molecules investigated thap monocytes This obsers g
tion was further confirmed by flow cytomelly (see
Tuble 1) showing particularly GLUT4 to be higher
expressed in granulocytes than in monocytes (+186%.
P <0035 Comparing the abundance of individual
transporter isoforms based on labeling intensity.
GLUT3 appeared 10 represent the predominant carrier
expressed  on granulocyvtes  and monocytes with
GLUT4 reaching similar levels in granulocytes

None of the immunoreactions described above was
observed when the antisera were replaced by normal
rabbit serum (for example see Fig 1E)

An increase in leukocyte count was observed
throughout pregnancy. reaching peuk level in second
trimester (145 + 1.8 x 109 ! versus 69 + |7
x10° L7 in non-pregnant subjects)

Pregnancy-associated quantitative changes in leuko-
cyte glucose transporter expression as assessed by flow
Cylomretry are detailed in Table T Major findings were
the following: in granulocytes, GLUT! content gradu-
ally decreased with progressing pregnancy being re-
duced by 36% at term (P < 005; Fig. 3). GLUT3 and
GLUT4 labeling was also decreased during pregnancy
by at least 24%, but without reaching statistical signi-
ficance at any stage examined. In monocytes, GLUT1]
temained unaffected during pregnancy, whereas
GLUT3 was increased by 37% (P < 0.05) in second
trimester when compared with non-pregnant values
(Fig 4), followed by a decrease towards normal at
term Monocyte GLUT4 levels tended to decrease at
the beginning of pregnancy with a nadir in second
trimester (76% of non-pregnant signal; P < (.03:

TABLE | Pregnancy-Associated Quantitative Changes in
Glucose Transporter Expression as Assessed by Flow
Cytometry

Non- First Second
pregnant  trimester trimester Term
Granulocyte
GLUTT 31+05 28105 2405 20+02"
GLUT3 461205 35+04 32203 33+07
GLUT4 47+05 33+03 31203 33204
Monocyte
GLUTT 29x03 27103 32206 30=+04
GLUTS 38:08 35106 5203 4108
GLUT4 16+02 15:002 12201 17204

Falues are given as mean = § EM of the ratios of median fluores-
celice imtensity following hinding of the specific antiserum divided b
median flucrescence ntensif of non-immune serum a ratio of > 2nas
considered as posithe >13 gs borderline *P < 0.05 versus non-
pregnant vajues
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Fig 1 Tmmunocytochemical detection of GLUTI (A) GLUT3 (B). GLUT4 (C) and CD45 (D} in peripheral white blood cells of non-pregaant
women Centrol sample, incubated with non-immure serum instead of the primary antibodies (E). Granulocyte {green arrow) menocyte (red

arrow). lymphoeyte (v fiite arron) Magnification of all pictures 200x.

Fig 5) and recovered above baseiine at term preg-
nancy

DISCUSSION

There is now considerable agreement that suppression
of specific immunity is a key mechanism preventing
rejection of the fetal semiallograft. despite the intimate
juxtaposition of genetically disparate maternal and
letal tissues in the pregnant uterus © On the other hand.
numerous studies have shown an increase in non-
specific host defense during pregnancy. which was
proposed to be a compensatory mechanism for dimin-
ished specific immunosensitivity 7 The rare approaches
focusing so fur on the inter-relationship between
stimulation of non-specific immunocompetent cells
and their glucose transport capacity have used cultured
leukocyvtes or related immortalized cell lines. often
without having clearly defined the leukocyte subpopu-
lations and giucose transporter isoforms involved The

present study is the frst comprehensive analysis of

specific high affinity facilitative glucose transporter

- AMERICAN JOURNAL OF REPRODUCTIVE IMMUNOLCGY VOL 48 2002

expression during activation of human peripheral
blood granulocytes and monocytes under physiological
conditions using state of the art methods

Granulocytes Monocytes  Lymphocytes
L
i GLUT4
& TN GLUT3
4 L
]
1 GLUT1
i ¥
J . Hll “ |
" ;
W Control
Z

Fie 2 Flusrescence signals tor GLLTL 3and 4 in peripheral white
hlood cells of non-pregnant woemen as detected by ow cytomatry
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Fig 3. Representative histograms showing the leve] of GLUT] in
granulociies of non-pregnant woman {A) and at term pregnancy
(B) us derected by fiow cylomelry

The GLUT] transporter js regarded as the consti-
tutive isoform withip the facilitated diffusion glucose

sugar-containing macromolecules It is not only ex-
pressed.in epithelial cells of blood-tissue barrjers, such
as the placental ttophoblast #? byt was demonstrated
in almost al] tissues examined sg far Apart from g
noticeable decrease in granulocytes at term, there were

cvtes at all This finding seems rather paradoxical in
view of elevated granulocvte counts!? and deterior-
ating plasma glucose concentrations towards term
pregnancy ' Furthey studies are needed addressing g
potential regulation of granulocyte GLUT] by its own
substrate to clarify this problem

GLUT3 is the transporter isoform characteristic for
cells with high glucose demands such as neurons or

© BLACKWELL MUNKSGAARD, 2002
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Fig 4 Representative histograms showing the level of GLUT3 in
monocyles of a non-pregnang Wwoman (A} and in second trimester (B)
as detected by flow cytometry

—
107

tumor cells,'? because of its high substrate affinity
Granulocytes and monocytes are increased in humber
during pregnancy, '3 14 suggesting that these celjs
are activated and thus require mcreasing levels of
glucose for ATP production,”®  which especially
applies to cells depending almost exclusively on gly-
colysis In thig context, it is ntriguing that the
fluctuation of moenocyte GLUT3 expression levels
duting bregnancy demonstrated here fits exactly with
a marked increase ipn monocyte numbers ung the
second trimester, foliowed by a gradual decrease
towards term !* '

GLUT4 is mainly expressed in insulin-responsive
tissues. The hormone was shown to stimulate celiular
glucose uptake by inducing the translocation of
intracellulas vesicles containing the carrier to the cell
membrane 1® The physiological significance of the
demonstrated down-regulation of GLUT4 in moro-

cyles may be rather limited, because it was paralleled
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ig > Representative histograms showing the level of GLUT4 in
onocytes of a non-pregnant wontan (A} and in second trimester (B)
detected by flow cytometry

“ofor the loss of cell surface GLUT4. The observed
20 thanges in monocyte GLUT4 labeling corielate neither
. Zwith monocyte peak insulin receptor binding in second
- tdmester,'” nor with elevated plasma insulin levels'® o
- with progressive insulin resistance'® found with con.
- linuing pregnancy, suggesting that monocyte GLUT4
- expression is under the control of hormones or factors
~different from insulin, if at all regulated by endocrine
factors

In conclusion. the data demonstrate the patamount
o !mportance of high affinity facilitative glucose trans-
.-porters as fuel scavengers for peripheral blood granu-
2locytes and monocyies. and suggest a different
- lunctional significance of the individual isoforms
- during pregnancy The moderate or even lacking
augmentation of cell surface glucose transporter
evels under conditions of physiological teukocytosis

_ boint to the presence of additional mechanisms serving

£ W meer the increused metabolic needs of activated

leukocytes, e changes in the inuinsic activity of
. Iransporter molecules or utilization of glucose released
- from intracellular glvcogen.
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INTRODUCTION

_—

ing enzyme glycogenin (3) or glycogen synthase
(4,5) The critical importance of adequate glucose
supply for nourishing leukocyte functions is fur-
ther underlined by the observation that decreased
cellular immunity in subjects suffering from hy-
petlipidemia, diabetes mellitus, atherosclerosis,
infections or some types of cancer is associated
with impaijred glucose uptake into immune
cells (6).

length and belong to a growing superfamily of
integral membrane glycoproteins with 12 trans-
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- membrane helices The membrane-spanning re-
- gions presumably form a channel through which
‘. glucose can move in one Or more association-

© < dissociation steps The genes of these carriers
.. have been designated GLUTI-GLUTY in the or-

.- der in which they were identified GLUTS and

-~ GLUTY have both been described very recently

~(7.8) Their similarity with the “classical” GLUT
isoforms is not higher than that with bacterial

inositol, arabinose, or xylose uansporters (9).
' Therefore, they constitute a sepatrate branch

within the family of hexose transporters. The

~ clone termed GLUT7 turned out to be an artifact
- .. and does not, as suggested previously, encode a liver

~ endoplasmic reticulum transporter. GLUT6 encodes

. a pseudogene, which is not translated into protein
-+ GLUTS and GLUT2 turned out to act as fructose
- transporters, that operate with a significantly lower
- affinity for hexoses than any of the other carriers and

;f can, therefore, not function efficiently as glucose

* scavengers In contrast, the remaining isoforms
-~ GLUTL, 3, and 4, represent high affinity transport
+ = facilitators. Because of their low Michaelis constant

¢ (K, these transporters function at rates close to
maximal velocity. Thus their level of cell surface
. expression greatly influences the rate of glucose
_ uptake into the cells.

: Although kinetic experiments have indicated
leukocytes to possess a facilitative diffusion glu-
cose transport system already three decades ago
(10), a detailed study investigating the expression
of the respective transporter molecules and its
regulation in white blood cells is still pending
The scarce data on leukocyte GLUT expression
available to date are exclusively based on blotting
experiments using samples in which cross-con-
tamination of the different leukocyte subpopula-
tions was not unequivocally excluded and/or they
are derived from cultured white blood cells, al-
though cell culture has been shown to profoundly
affect leukocyte gene expression even under con-
trol conditions (11, 12). Therefore, in a first step
we examined the immunocytochemical distribu-
tion of GLUT]1, 3, and 4 in human blood granu-
locytes, monocytes and lymphocytes using a re-
fined avidin-biotin technique. Since challenged
white blood cells often have to face a hypoglyce-
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mic milieu, e.g., following endotoxicosis. septic
shock (13). or once they have Jeft the bloodstream
(14), we subsequently investigated the effect of
glucose deprivation in vivo on leukocyte cell sur-
face glucose transporter levels by flow cytometry.

MATERIALS AND METHODS

Patienrs

The study was approved by the University of
Graz Ethical Committee. Twelve nonpregnant
and nonobese (body mass index <25 kg m~ %)
women participated in the study after having
given informed consent. The subjects underwent
an oral glucose tolerance test, showing that none
of them had diabetes. In addition, they had no
family history of diabetes None of the women
had taken oral contraceptives or any other medi-
cation at least 3 months before they were entered
into the study. Data from patients with a subop-
timal nutritional status as indicated by fasting
plasma glucose levels of 394 * 7.9 mg/dl
(mean = SD; n = 6) were compared with those of
an euglycemic control group (106.3 = 17.5 mg/dl
fasting plasma glucose; mean = SD; n = 6)

Cviopreparation, Cytocentrifugation, and
Immunocytochemistry

Whole blood was diluted 1:1 (v/v) with 3 g/L
sodium citrate in phosphate-buffered saline (PBS)
and loaded onto a Ficoll-Hypaque density gradi-
ent (Pharmacia Biotech, Freiburg, Germany). Af-
ter centrifugation for 30 min at 1000g at room
temperature, mononuclear cells were collected
and placed into a disposable cytofunnel sample
chamber (Shandon, Pittsburgh, PA) containing
100 wl PBS. The cells were spun at 50g, for 5 min
at room temperature. The slides were dried for 2 h
at room temperature and washed with PBS. After
a 20-min exposure to blocking solution, specimen
were incubated for 60 min at room temperature in
a moist chamber with rabbit antisera against the
C-terminal sequences of GLUT1 (CGLFHPL-
GADSQV), GLUT3 (NSMQPVKEPGNA), and
GLUT4 (CTELEYLGPEND) (all from Chemi-
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con, Temecula, CA). Antisera were diluted
1:1000 (GLUTI), 1:500 (GLUT3), and 1:100
(GLUT4) with Antibody Diluent {Dako, Carpin-
teria, CA). Staining with monoclonal CD45 anti-
bodies (Dako) in 1200 dilution was used to iden-
tify leukocytes in the preparations. Labeling was
visualized using the Universal LSAB kit (Dako)
according to the instructions of the manufacturer,
Specimen were counterstained with Mayers’
hemalum (Merck, Darmstadt, Germany) and
mounted with Kaiser’s glycerol gelatin {Merck).
For controls, cells were incubated with nonim-
mune rabbit serum (Dako) instead of the primary
antibodies. Pictures were taken with an Axiophot
microscope (Zeiss, Oberkochen, Germany)

Flow C ytometry

Two microliters of the above-described poly-
clonal antisera against the glucose transporters
GLUT1, 3, and 4 (Chemicon) was incubated in
1:60 dilution for 20 min at 1oom temperature with
100 pl each of whole EDTA-anticoagulated ve-
nous blood taken in the morning after an over-
night fast. Norimmune rabbit serum (Dako) was
used as control Cells were washed twice in 4 m]
PBS containing 0.1% sodium azide (PBS-NaN,)
and subsequently incubated with fluorescein iso-
thiocyanate (FITC)—conjugated swine anti-rabbit
immunoglobulin F(ab’), (Dako; final dilution
1:20) at 4°C in the dark for 20 min Cells were
then washed twice in 4 ml PBS-NaN, After
washing, red cells were lysed by addition of
Erythiocyte Lysing Reagent for Flow Cytometry
(Dako) to each tube. The tubes were immediately
vortexed and incubated at room temperature for
10 min in the dark Again, the cells were washed
twice with 4 m) PBS-NaN; and centrifuged at
300g for 5 min at 4°C and finally resuspended in
200 ul PBS Samples were analyzed using a
FACS Calibur Flow Cytometer (Becton—Dickin-
son, San Jose, CA) equipped with an argon laser
(wavelength 488 nm) using the CellQuest pro-
gram. Gates were set on granulocytes, monocytes
and lymphocytes in the forward scatter (FSC)/side
scatter (SSC) diagram
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Statistics

Statistical analysis was performed by the
Mann~Whitney {7 test A level of P < 005 was
chosen to identify significant differences.

RESULTS

Granulocytes and Monocytes immunoreacted
with antisera against the glucose transporter iso-
forms GLUTI, 3, and 4 in cytospin preparations
(Fig. 1) and flow cytometry (Fig 2) In contrast,
apart from a minor, not yet precisely defined
subpopulation, lymphocytes remained negative
for these carriers using immunochemical detec-
tion methods (Figs 1 and 2). In Cytospin piepa-
rations from euglycemic subjects, granulocytes
stained more intensely for the transporter mole-
cules investigated than monocytes. This observa-
tion was further confirmed by flow Cytometry (see
Table 1)

Based on labeling intensity, GLUT3 appeared
to represent the predominant isoform expressed
on granulocytes and monocytes with GLUT4
reaching similar levels i granulocytes.

None of the immunoreactions described above
was observed when the antisers were replaced by
nhormal rabbit serum (for example, see Fig [E).

Comparing leukocyte cell surface GLUT ex-
pression in eu- and hypoglycemic individuals (Ta-
ble 1), flow Cytometry revealed significant aug-
mentations in GLUT4 content for granulocytes
(+73%; P < 0.05; Fig. 3) and in GLUT3 levelg
for monocytes (+ 134%; P < 0.05; Fig 4) upon
hypoglycemia In granulocytes, the increase in
GLUT4 was accompanied by a 20% loss in
GLUT! and a rise in GLUT3 content by one-
third. However, both effects did not reach statis-
tical significance In monocytes, GLUTI and
GLUT4 remained virtually unaffected by reduced
plasma glucose.

DISCUSSION

Although it is a common observation that
glucose deprivation increases cellular hexose
ransporter content in various tissues (15, 16).
evidence for regulation of the glucose transport
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FIG. 1. Immunocytochemical detection of GLUTI (A), GLUT3 ( B), GLUT4 (C}, and CD45 (D) in peripheral white blood
cells of euglycemic subjects. Control sample, incubated with nonimmune serum instead of the primary antibodies (E).
Granulocyte (green arrow), monocyte (red arrow), and lymphocyte (white arrow). Magnification of all pictures, 200X

system by substrate availability is generally lack-
ing for blood cells. Even in the basal state, data on
leukocyte glucose transporter expression are rare
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FI1G. 2 Fluorescence signals for GLUT 1. 3. and 4 in
peripheral white blood cells 6f euglycemic subjects as de-
tected by flow cytometry,

and conflicting so far. The present study is the first
comprehensive analysis of specific high affinity
facilitative glucose transporter distribution in hu-

TABLE 1

Hypoglycemia-Induced Quantitative Changes in GEUT
Expression as Assessed by Flow Cytometry

GLUT! GLUT3 GLUTY
Granulocyte
Euglycemia 3S5x214 39 =21 3411
Hypoglycemia 2805 5217 59 16%
Monocyte
Euglycemia 29= 15 23=07 [6=10
Hypoglycemia 32210 54 =23 1 7+02

Nore Values given as means = SEM of the ratios of median
Auorescence intensity following binding of the specific antiserum
divided by median flucrescence intensity of nonimmune serum: a
ratio of >2 was considered positive. >1 5 borderline

*P < 003 by Manp-Whitney U test vs euglycemic values
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FIG. 3. Representative histograms showing the level of
GLUT4 in granulocytes of an euglycemic (A) and a hypo-
glycemic subject (B) as detected by flow cytometry.,

man peripheral white blood cells in vivo, and in
addition it compares expression levels in eugly-
cemic and glucose deprived subjects. The latter
suffered from severe hypoglycemia as indicated
by a mean fasting plasma glucose concentration
of 39 mg/dl. These depressed values can not sim-
ply be ascribed to a physiological postprandial
glucose decline following prandial hyperinsulin-
emia The insulin peak occurs half an hour after a
meal (17) and after a total duration of about 2 h,
the postprandial period evolves into the basal state
(18). Under these conditions insulin and growth
hormone blood levels are at o near their lowest
concentiation of the 24-h interval (17) and there is
only a slow further decline of blood glucose con-
centration by less than [% per hour (19) There-
fore; fasting blood glucose is a good indicator of
general nutritional status. The present results
demonstrated glucose deprivation to be accompa-
nied by substantial changes in the membrane ex-
pression of particular granulocyte and monocyte
glucose carriers,

=
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The GLUTI transporter isoform may repre-
sent up 1o 3.5% of total cellular membrane pro-
teins (20) and was originally considered to repre-
sent the specific uptake machinery for glucose in
erythrocytes and in epithelial cells of blood—tissue
barriers, such as the placental trophoblast (21,
22). The data provided here for human leukocytes
demonstrated GLUT]1 to be abundantly expiessed
in granulocytes and monocytes, the latter being in
good agreement with immunoblotting results re-
ported earlier (23). Also the monocyte derived
macrophages express GLUTI (24, 25) Collec-
tively, these results support the concept of a more
ubiquitous occurrence of GLUTI, which might
play a kind of “housekeeping” role (26), thus
covering the basal cellular glucose requirements
for ATP pioduction and biosynthesis of sugar-
containing macromolecules,

GLUTS3 is the transporter isoform characteristic
for cells with high glucose requirements such as
neurons or tumor cells (27), because its high sub-

16

A

GLUT3

FIG. 4. Representatiy e histograms showing the level of
GLUT3 in monocytes of un euglycemic (A) and a hypogly-
cemic subject (B as detected by flow cytometry

136
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strate affinity In this study, granulocytes and mono-
cytes were found to be richly endowed with
GLUT3. Previous information about glucose trans-
porter expression of granulocytes is generally not
available, but our monocyte data are in accordance
with the presence of GLUT3 transcript and protein
as demonstrated earlier by Northern and Western
blotting (28) in these cells. From a teleological point
of view, a high GLUT3 content might confer a
selective advantage on granulocytes and monocytes
In vivo, since, despite having a high metabolic ac-
tivity, they cannot count on a constant high glucose
supply, particularly after transendothelial diapedesis
and infiltration of the cells into abscesses or mnflam-
matory exudates, where the milieu is hypoglycemic
as a rule (14). Competing for a limited substrate
availability would be more successful, if cells could
rely on the high-affinity GLUT?3 glucose transport
system. The Ky value of GLUTS3 is so low that it
may become saturated already at subphysiological
plasma glucose concentrations. Therefore, GLUT3
mediated changes in transmembrane glucose uptake

could only be brought about by translocation of

intracellular reserve-carriers, an acceleration of the
de-novo transporter synthesis, or a reduced turnover
rate of existing carriers in response to hypoglyce-
mia. Based on our experimental data we cannot
decide which mechanism has been effective here,
but it resulted in a considerable elevation of granu-
locyte and monocyte cell surface GLUT3 content
upon hypoglycemia

In contrast to a previous study (23), that failed
to demonstrate GLUT4 in monocytes by Western
blotting, here using sensitive detection methods,
GLUT4 was found on both monocytes and gran-
ulocytes. Augmented granulocyte GLUT4 levels
accompanying hypoglycemia in this study pro-
vide the first evidence for any human cell popu-
lation that in addition to GLUTI also GLUT4
may be involved in the glucose deprivation re-
sponse (sce 16). The absence of correlation be-
tween the granulocyte content of GLUT4 and
GLUT! in the hypoglycemic state no longer ap-
pears as an inconsistency, when taking into ac-
count that GLUT exhibits an asymimetric pattern
of transport in siry, with a 4-fold higher X, for
efflux compared to influx (29). Due to this ex-
traordinary feature, the impact of the demon-

strated upregulation of GLUT4 on intracellular
granulocyte glucose accumulation may even have
been potentiated by the decline in GLUT]

In insulin-sensitive tissues GLUT4 activation
and translocation from a cytoplasmic membrane
fraction to the cell surface is related to the insulin-
induced signaling (30). However, the expression
of this isoform is not limited to insulin-sensitive
tissues (31). Also granulocytes are generally re-
garded as non-insulin-responsive and correspond-
ingly, all attempts to detect the insulin receptor on
these cells have failed so far It is therefore tempt-
Ing to speculate that the increased GLUT4 expres-
sion observed upon hypoglycemia is under the
control of hormones different from insulin, if at
all achieved by endocrine factors, although our
experimental data do not provide direct evidence
for this. An alternative candidate for mediating
the demonstrated effects on granulocyte glucose
transporter expression is the sentrin-conjugating
enzyme mUbc9 which was recently shown to
increase cellular GLUT4 abundance while down-
regulating GLUTI1 (32), exactly as it was found in
the present study.

Interestingly, the great majority of Iympho-
cytes did not react with any of the GLUT antisera
employed in this study, in line with pievious
negative results for GLUT1 (33), GLUT3 (34)
and GLUT4 (23, 33). Data demonstrating lym-
phocyte GLUT3 (28, 33) are exclusively based on
blotting experiments, in which the purity of the
lymphocyte preparations was not conclusive,

The fact that under hypoglycemic conditions
the adaptive response of monocytes and granulo-
cytes involved different GLUT isoforms suggests
that distinct mechanisms are operative in these
cell populations that affect only individual GLUT
isoforms, GLUT4 upregulation with no change in
GLUT3 and the other way around as it was ob-
served in granulocytes and monocytes, respec-
tively, is not without precedent (for examples, see
32, 35) and has been attributed to the effect of the
above mentioned mUbc9 on GLUT4 in the former
case and an increased GLUT3 half-life following
prolonged cellular energy demand in the latter
Such specific regulatory machineries may enable
the leukocyte subsets to maintain a tight relation-
ship between glucose transport and metabolism
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despite individual metabolic differences down-
stream of glucose uptake, e g, in the kinetics of
hexokinase and/or glucose 6-phosphatase

In conclusion, the abundance of high affinity
facilitative glucose transporters in resting blood
granulocytes and monocytes is compatible with a
proposed pivotal role of these carriers as fuel
scavengers for the various leukocyte functions in
innate and adaptive immunity, wound healing,
tumor surveillance and tissue remodeling The
changes in glucose transporter expression de-
tected under hypoglycemic conditions may repre-
sent an autoregulatory mechanism to ensure ade-
quate cellular glucose supply, thus protecting leu-
kocytes from detrimenta) effects of low glucose
levels.
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