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Abstract  


Charles University in Prague, Faculty of Pharmacy in Hradec Králové  
 Department of Pharmacology and Toxicology  


Candidate: Mgr. Davoud Ahmadimoghaddam  
 Supervisor: Prof. PharmDr. František Štaud, Ph.D.  


Title  of  Doctoral  Dissertation: Organic  Cation  Transporter  3  (OCT3/SLC22A3)  and  Multidrug 
 and  Toxin  Extrusion  1  (MATE1/SLC47A1)  Protein  in  the  Placenta:  Expression,  Localization 
 and Function. 


The  aim  of  the  present  study  was  to  investigate  the  expression,  localization,  and 
 function of organic  cation transporter 3 (OCT3, Slc22a3) and multidrug  and toxin  extrusion 
 protein  1  (MATE1, Slc47a1)  in  the  rat  placenta.  Using  qRT-PCR,  Western  blotting  and 
 immunohistochemical  techniques,  we  demonstrated  abundant  expression  of  OCT3  on  the 
 basolateral, i.e., fetus-facing side of the placenta, and MATE1 on the apical, i.e., maternal side 
 of  the  placenta.  To  investigate  the  role  of  these  transporters  in  the  transplacental 
 pharmacokinetics,  the in  situ  method  of  dually  perfused  rat  term  placenta  was  employed  in 
 open-  and  closed-circuit  arrangements;  1-methyl-4-phenylpyridinium  (MPP+)  was  used  as  a 
 model  substrate  of  both  OCT3  and  MATE1.  We  provide  evidence  that  OCT3  and  MATE1 
 cause  considerable  asymmetry  between  maternal-to-fetal  and  fetal-to-maternal  transport  of 
 MPP+ in favor of fetomaternal direction. Using closed-circuit experimental setup, we further 
 describe the capacity of OCT3 and MATE1 to transport their substrate from fetus to mother 
 even against a concentration gradient. Additionally, employing a range of pH values (6.5, 7.3, 
 and  8.5)  on  the  maternal  side  of  the  placenta,  we  observed  that  the  oppositely  directed  H+-
 gradient  can  drive  the  secretion  of  MPP+  from  the  placenta  to  mother,  confirming  MATE1 
 involvement in MPP+ elimination from trophoblast cells to the maternal circulation.  


In the following part of our study,  we hypothesized that changes in placental levels of 
Oct3/OCT3  and Mate1/MATE1  throughout  gestation  might  affect  the  fetal  protection  and 
detoxication.  We  were  able  to  detect Oct3/OCT3  and Mate1/MATE1  expression  in  the  rat 
placenta  as  early  as  on  gestation  day  (gd)  12  with  increasing  tendency  toward  the  end  of 
pregnancy.  In  contrast,  comparing  the  first  vs.  third  trimester  human  placenta,  we  observed 
stable  expression  of  OCT1  and  decreasing  expression  of OCT2,3  isoforms.  Contrary  to 
current  literature,  we  were  able  to  detect  also MATE1,2  isoforms  in  the  human  placenta, 
however, with considerable inter- and intraindividual variability. Using infusion of MPP+ into 
pregnant dams we observed that the highest amount of MPP+ reached the fetus on gd 12 while 
from gd 15 onwards, maternal-to-fetal transport of MPP+ decreased significantly.  
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In the final part of this study, we investigated the transplacental passage of metformin, 
 which  is  a  substrate  of  both  OCT  and  MATE  transporters;  in  addition,  it  is  used  during 
 pregnancy  to  treat  gestational  diabetes  mellitus.  We  observed  concentration-dependent 
 transplacental clearance of metformin in both maternal-to-fetal and fetal-to-maternal direction 
 and  also  the  capacity  of  OCT3  and  MATE1  to  transport  this  compound  from  the  fetal  to 
 maternal  compartment  even  against  its  concentration  gradient.  Furthermore,  employing  pH 
 values  from  6.5  to  8.5  on  the  maternal  side,  we  observed  that  the  oppositely  directed  H+-
 gradient  can  drive  the  secretion  of  metformin  from  placenta  to  maternal  circulation, 
 confirming metformin elimination from trophoblast cells by MATE1.  


We  conclude  that  OCT3,  in  a  concentration-dependent  manner,  takes  up  organic 
cations,  such  as  MPP+  or  metformin,  from  the  fetal  circulation  into  the  placenta,  whereas 
MATE1, on the other side of the barrier, is  responsible for efflux of these compounds from 
placenta  to  the  maternal  circulation.  Furthermore,  we  propose  that  increasing  expression  of 
Oct3/OCT3  and Mate1/MATE1  in  the  rat  placenta  during  gestation,  along  with  general 
maturation  of  the  placental  tissues  results  in  significantly  lower  transport  of  organic  cations 
from  mother  to  fetus.  In  contrast,  decreasing  expression  of OCT3  and MATE1  in  human 
placenta indicates these transporters may play a role in fetal protection preferentially at earlier 
stages  of  gestation.  OCT3  and  MATE1,  thus,  form  an  efficient  transplacental  eliminatory 
pathway and play an important  role in  the fetal  protection and detoxication. This  is  the first 
time that OCT3/MATE1 vectorial pathway is described in the placenta. 
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Abstrakt  


Univerzita Karlova v Praze, Farmaceutická fakulta v Hradci Králové  
 Katedra farmakologie a toxikologie  


Kandidát: Mgr. Davoud Ahmadimoghaddam  
 Školitel: Prof. PharmDr. František Štaud, Ph.D.  


Název  dizertační  práce: Organic  cation  transporter  3  (OCT3)  a  Multidrug  and  toxin  extrusion 
 protein 1 (MATE1) v placentě: exprese, lokalizace a funkce. 


Cílem  této  studie  bylo  popsat  expresi,  lokalizaci  a  funkci  dvou  transportérů,  organic 
 cation transporter 3 (OCT3) a multidrug and toxin extrusion  protein 1 (MATE1) v placentě 
 potkana.  Pomocí  qRT-PCR,  Western  blotting  a  imunohistochemie  jsme  detekovali  vysokou 
 expresi  OCT3  na  fetální  straně  placentárního  trofoblastu  a  expresi  MATE1  na  straně 
 mateřské.  Pro  studium  role  těchto  transportérů  v  transplacentární  farmakokinetice  jsme 
 využili  in  situ  metodu  duálně  perfundované  potkaní  placenty  v otevřeném  i  uzavřeném 
 systému a 1-methyl-4-phenylpyridinium (MPP+) byl použit jako modelový substrát OCT3 a 
 MATE1.  Naše  výsledky  dokazují,  že  OCT3  a  MATE1  způsobují  asymetrii  v 
 transplacentárním přechodu MPP+ s výraznou převahou transportu z plodu do matky. Pomocí 
 uzavřeného  systému  duální  perfúze  potkaní  placenty  jsme  dále  popsali  schopnost  OCT3  a 
 MATE1  transportovat  MPP+ z plodu  do  matky,  a  to  i  proti  koncentračnímu  gradientu.  Dále 
 jsme  aplikovali  různé  hodnoty  pH  (6,5,  7,3,  a  8,5)  na  mateřské  straně  placenty  a  zjistili,  že 
 opačně  směrovaný  H+  gradient  je  hnací  silou  transportu  MPP+  z plodu  do  matky,  což 
 potvrzuje roli MATE1 v eliminaci MPP+ z buněk trofoblastu do mateřského oběhu. 


V  další  části  naší  studie  jsme  předpokládali,  že  změny  v expresi  placentárního 
 Oct3/OCT3  a  Mate1/MATE1  v  průběhu  březosti  mohou  ovlivnit  ochranu  plodu  a  jeho 
 detoxikaci.  V potkaní  placentě  jsme  detekovali Oct3/OCT3  a Mate1/MATE1  již  ve 12.  dnu 
 gestace  (gd),  přičemž  exprese  se  v průběhu  březosti  dále  zvyšovala.  Exprese OCT1 byla 
 stabilní  u  lidských  placent  odebraných  v prvním  vs.  třetím  trimestru  těhotenství,  zatímco 
 exprese  izoforem  OCT2,3  klesala.  Ačkoliv  v  dostupné  literatuře  jsou  pouze  negativní 
 informace  o  přítomnosti  transportérů MATE1  a  MATE2  v lidské  placentě,  nám  se  podařilo 
 jejich expresi detekovat, ale s velkou intra- a interindividuální variabilitou. S využitím infuze 
 MPP+  do  krevního  oběhu  březích  samic  jsme  zjistili,  že  nejvyšší  množství  MPP+  dosáhne 
 fetální cirkulace v 12. gd, zatímco od 15. gd do konce březosti transport ve směru z matky do 
 plodu výrazně klesá. 


V závěrečné fázi naší studie jsme popsali transplacentární přechod metforminu, jenž je 
substrátem  OCT  i  MATE  transportérů  a  je  užíván  během  těhotenství  k léčbě  gestačního 
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diabetu.  Pozorovali jsme  na koncentraci  závislou eliminaci  metforminu  v materno-fetálním i 
 feto-maternálním směru a zaznamenali jsme rovněž schopnost OCT3 a MATE1 transportovat 
 toto  léčivo  z  fetálního  do  mateřského  kompartmentu  i  proti  výraznému  koncentračnímu 
 gradientu. Dále jsme aplikovali různé hodnoty pH (6,5, 7,3, a 8,5) na mateřské straně placenty 
 a zjistili jsme, že opačně směrovaný H+  gradient  je  hnacím  motorem  transportu  metforminu 
 z plodu do matky, což potvrzuje roli MATE1 v eliminaci metforminu z buněk trofoblastu. 


Z našich  výsledků  vyplývá,  že  OCT3,  v  závislosti  na  koncentraci,  transportuje 
 organické  kationty,  jako  MPP+  nebo  metformin,  z fetálního  oběhu  do  placenty,  zatímco  na 
 druhé straně bariéry je MATE1 odpovědný za eflux těchto kationtů z placenty do mateřského 
 oběhu.  Mimoto  jsme  došli  k  závěru,  že  zvýšená  exprese  Oct3/OCT3  a Mate1/MATE1 
 v potkaní  placentě  spolu  s  vyzráváním  placentární  tkáně  má  za  následek  výrazné  snížení 
 přechodu organických kationtů z matky do plodu. Snižování exprese OCT3 a MATE1 v lidské 
 placentě  v průběhu  těhotenství  naopak  naznačuje,  že  tyto  transportéry  mohou  hrát  roli  v 
 ochraně plodu přednostně v dřívějších fázích těhotenství. 


OCT3  a  MATE1,  tak  tvoří  účinnou  transplacentární  eliminační  jednotku  a  hrají 
důležitou  roli  v ochraně  a  detoxikaci  plodu.  Toto  je  poprvé,  kdy  byl  transport  kationtů 
zprostředkovaný OCT3 a MATE1 popsán v placentě.  
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1. List of Abbreviations 


ABC  ATP-binding Cassette 


BCRP  Breast Cancer Resistance Protein 


gd  Gestation day 


MATE  Multidrug and Toxin Extrusion Protein 
 MPP+ 1-methyl-4-phenylpyridinum 


MPTP  1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine 
 MRP  Multidrug Resistance-associated Protein 
 OCT  Organic Cation Transporter 


P-gp  P-glycoprotein 


SLC  Solute Carrier Transporter 


TEA  Tetraethylammonium 


TGCs  Trophoblast giant cells 


In  the  text,  transporter  symbols  with  all  letters  in  uppercase  and  italic  form 
(OCT/MATE)  are  used  for  human  genes,  whereas  symbols  with  only  the  first  letter  in 
uppercase  and  the  remaining  in  lowercase  and  italic  form  (Oct/Mate)  are  used  for  genes  in 
other mammal’s species. The transporter symbols with all letters in uppercase  and non-italic 
form (OCT/MATE) are used for human and other mammal’s species proteins. 
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2. Introduction  



2.1. Placenta  


The placenta is a temporary organ that maintains separation of the two blood circulation 
 systems  of  the  mother  and  fetus.  It  connects  the  developing  fetus  to  the  uterine  wall  and 
 develops  from  the  same  sperm  and  egg  cells.  The  placenta  begins  to  develop  upon 
 implantation of the blastocyst into the endometrium and connects to the fetus by an umbilical 
 cord that contains two arteries and one vein. During the pregnancy, it acts as a substitute lung, 
 digestive tract and kidney for the fetus; it also provides endocrine and immunity functions that 
 are  necessary  for  the  maintenance  of  a  successful  pregnancy  (Boyd,  2013;  Carter,  2012; 


Malek, 2013). 


The  human  placenta  is  formed  by  both  maternal  (decidua  basalis)  and  fetal  tissues 
 (chorionic  plate  and  chorionic  villi).  The  decidua  basalis  forms  decidual  septa  which  divide 
 the  organ  into  20–40  compartments  (cotyledons).  These  cotyledons  represent  the  functional 
 vascular units of the placenta. The villous tree, in each cotyledon, consists of chorionic villi, 
 fetal  capillary  endothelium,  and  trophoblast  layer  (fig.  1).  Maternal  blood  washes  the 
 chorionic villi, in  which  the fetal blood  is  circulating and nutrients  and other substances are 
 brought  through  the  umbilical  vein  to  the  developing  fetus.  The  mononucleated 
 cytotrophoblasts  are  fused  to  form  the  multinucleated  syncytiotrophoblast  which  covers  the 
 outer layer of each villous tree  (Ji et al., 2012). The syncytiotrophoblast, which is polarized, 
 forms  a  true  syncytium  and  covers  the  surface  of  the  placenta,  thereby  contributing  to  its 
 barrier function. 


The polarized syncytiotrophoblast layer consists of a basolateral, also called basal, fetal 
circulation-facing  membrane  and  a  brush-border,  also  called  apical,  maternal  blood-facing 
membrane.  It  acts  as  the  rate-limiting  barrier  for  transplacental  transfer  of  most  endo-  and 
exogenous compounds  (Ceckova-Novotna et al., 2006; Ganapathy and Prasad, 2005; Staud et 
al.,  2012).  The  basal  and  apical  membranes  of  the  syncytiotrophoblast  are  functionally  and 
structurally  distinct  (fig.  1  and  2).  The  apical membrane  possesses  a  microvillous  structure 
that  effectively  amplifiesthe  surface  area,  whereas  the  basal  membrane  lacks  this  structural
organization (fig. 1). These two membranes are further differentiated fromeach other by their 
protein composition. Various enzymes, hormonereceptors, and transporters are differentially 
distributed  between the  apical  and  basal  membranes  of  the  syncytiotrophoblast  (Ganapathy 
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and  Prasad,  2005;  Ganapathy  et  al.,  2000;  Prouillac  and  Lecoeur,  2010;  Staud  et  al.,  2012; 


Vahakangas et al., 2011). 


Figure 1. Schematic representation of the fetomaternal interface in the placenta.  


ST, syncytiotrophoblast; CT, cytotrophoblasts. (Adopted from Staud et al., 2012). 


The Grosser  classification  (Grosser, 1927) recognizes  different  types  of  placenta, such 
 as  epitheliochorial,  syndesmochorial,  endotheliochorial,  and  hemochorial.  In  human,  rats, 
 mice, guinea pigs or rabbits the placenta is of hemochorial type in which maternal blood is in 
 direct contact with the trophoblast (Furukawa et al., 2011). In human placenta one trophoblast 
 layer (hemomonochorial) separates maternal and fetal endothelium whereas in the rat placenta 
 maternal and fetal endothelium are separated by three trophoblast layers (hemotrichorial) (de 
 Rijk  et  al.,  2002).  Interspecies  differences  in  placental  architecture  as  well  as  in  transport 
 protein expression must be taken into consideration when extrapolating animal data to human 
 conditions. 


In  general,  rats  have  an  inverted  yolk  sac  placenta  with  a  discoid  shape.  In  the 
hemotrichorial  rat  placenta,  there  are  three  principal  regions.  From  the  fetal  surface,  (1)  the 
chorioallantoic  connective  tissue  is  followed  by  (2)  the  less  differentiated  trophoblast  of  the 
trophospongium  (these  trophospongium  cells  are  presumably  the  precursor  of  more 
differentiated trophoblast cells) and, at the base, (3) the giant cell layer that interdigitates with 
the  decidua  (de  Rijk  et  al.,  2002;  Schiebler  and  Knoop,  1959).  The  trophoblast  cells  of  the 
labyrinth tissue are arranged in three distinct layers with respect to blood supply (Davies and 
Glasser, 1968;  Martinek, 1970).  Layer  I is  composed of  fenestrated syncytiotrophoblast  that 
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faces maternal blood. This layer is not thought to represent a barrier function of placenta due 
 to its fenestrated structure. Layer II syncytiotrophoblast forms a contiguous epithelium, with 
 their  apical  membrane  facing  the  maternal  blood.  This  apical  domain  is  thought  to  be 
 responsible for transport of most compounds to/from the maternal blood circulation and forms 
 the main “barrier” for drugs  and xenobiotics penetration.  Layer  III  syncytiotrophoblast  also 
 forms contiguous syncytia, and faces the fetal blood. The basal membrane of layer III allows 
 the transport of substances to/from the fetal compartment. Both functional membranes (apical 
 and basal membrane) express transporters, which are necessary for nutrient (Matthews et al., 
 1998) as well as other endo- and exogenous transfer (Ganapathy and Prasad, 2005; Staud et 
 al., 2012; Vahakangas and Myllynen, 2009). 


Trophoblast  giant  cells  (TGCs)  arise  directly  from  the  trophectoderm  and  become  the 
 first  terminally  differentiated  cells  during  embryogenesis (Furukawa  et  al.,  2011;  Hu  and 
 Cross,  2010;  Terao  et  al.,  2004).  These  cells  are  responsible  for  implantation  (invasion  into 
 the  uterine  epithelium),  and  subsequent  placental  functions.  They  secrete  a  wide  variety  of 
 substances  including  hormones  (estrogen  and  progesterone),  extracellular  matrix,  cell 
 adhesion molecules, proteinases, and cytokines (Hu and Cross, 2010).  Moreover, these cells 
 were  demonstrated  to  express  glucose  transporters  in  diabetic  rats  (Korgun  et  al.,  2011),  L-
 type amino acid transporter 1 participating in trophoblast invasion (Chrostowski et al., 2010), 
 and Amino acid transport System A transporters such as sodium dependent neutral amino acid 
 transporters (Novak et al., 2006). However, TGCs disappear around 17-19 days of pregnancy 
 in the rats (Dorgan and Schultz, 1971).  


For  many  years  it  had  been  thought  that  the  placental  barrier  protects  the fetus  by 
 restricting  the  passage  of  toxic  substances  and  consequently  provides  absolute  protection to 
 the  developing  fetus.  However,  the  thalidomide  disaster  in  1960s  changed  this  opinion 
 dramatically.  It  is  now  assumed  that  all  drugs  and  xenobiotics,  depending  on  their  lipid 
 solubility, molecular size, degree of ionization and plasma protein binding, cross the placenta 
 to a certain extent (Audus, 1999; Pacifici and Nottoli, 1995).  


Current knowledge indicates that the placental barrier is formed by two components: (i) 
mechanical barrier, passively protecting the fetus by membranes separating the maternal and 
fetal  compartments  (i.e.,  syncytiotrophoblast,  thin  layer  of  connective  tissue,  and  vascular 
fetal  endothelium)  and  (ii)  functional  components  in  the  syncytiotrophoblast  that  actively 
protect  the  fetus  against  xenobiotics  from  the  mother;  these  are  metabolizing  enzymes  and 
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drug-efflux  transporters  (Hahnova-Cygalova  et  al.,  2011).  While  the  clinical  importance  of 
 drug-metabolizing enzymes in the placenta remains questionable, placental drug transporters 
 have  been  confirmed  to  substantially  modulate  transplacental  pharmacokinetics,  fetal 
 protection,  and  detoxification  (Ceckova-Novotna  et  al.,  2006;  Hahnova-Cygalova  et  al., 
 2011). 


Many  drugs  and  xenobiotics,  to  which  the  mother  is  exposed  during  pregnancy,  may 
 affect  the  placenta  as  well  as  the  developing  fetus;  understanding  the  role  of  transporters 
 involved  in  transplacental  pharmacokinetics  is,  therefore,  of  pharmacological,  toxicological, 
 and  therapeutic  importance.  If  the  mother  is  the  patient,  for  instance  in  gestational  diabetes 
 mellitus,  epilepsy,  or  infections,  transfer  ofthe  drugs  into  the  placenta  and  fetus  may  cause 
 harmful effects to both the fetus and mother. On the other hand, if thefetus is the patient, for 
 example in fetal cardiac arrhythmias, transfer of the drugs from the mother to the fetus is an 
 important factor in the pharmacotherapy. 


Figure  2.  Schematic  depiction  of  the  main  transporter  proteins  expressed  in  the  placental  barrier  and  their 
 localization  within  the  trophoblast. BCRP,  breast  cancer  resistance  protein;  CNT1,  concentrative  nucleoside 
 transporter  1;  ENTs,  equilibrative  nucleoside  transporters;  MATE1,  multidrug  and  toxin  extrusion  protein  1; 


MRP, multidrug resistance-associated protein (1, 2, and 5); NET, noradrenalin transporter; OAT4, organic anion 
 transporter 4; OATP, organic anion-transporting polypeptide (4A1 and 2B1); OCT3, organic cation transporter 
 3;  OCTN,  carnitine  transporter  (1  and  2);  Pgp,  P-glycoprotein;  SERT,  serotonin  transporter.  (Based  on 
 Vahakangas and Myllynen, 2009 and Staud et al., 2012). 


A  large  number  of  drug  transporters  of  both  ATP-binding  cassette  and  solute  carrier 
families  are  expressed  in  the  placenta.  In  the  following  part,  the  most  important  ABC  and 
SLC transporters in the placenta are briefly introduced.  
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2.2. ABC transporters in the placenta 


The  ATP-binding  cassette  (ABC)  superfamily  has  been  extensively  studied  in  many 
 tissues including placenta. They utilize the energy of adenosine triphosphate (ATP) hydrolysis 
 to efflux their substrates across biological membranes. In general, they play a significant role 
 in  drug  absorption,  elimination  and  distribution  (Bodo  et  al.,  2003;  Leslie  et  al.,  2005); 


however,  they  are  initially  known  for  their  role  in  the  multidrug  resistance  in  cancer.  Three 
 main  subfamilies  of  ABC  transporters  such  as  P-gp,  BCRP  and  multidrug  resistance-
 associated  proteins  (MRPs)  are  of  particular  importance  in  transplacental  pharmacokinetics. 


Most of the identified ABC transporters in the placenta are expressed on the apical membrane 
 of  placental  syncytiotrophoblast.  Therefore,  they  play  an  important  role  in  fetal  protection 
 against harmful substances present in the maternal circulation (Behravan and Piquette-Miller, 
 2007; Staud et al., 2012).  



2.2.1. P-glycoprotein (P-gp) 


P-gp  is  encoded  by ABCB1  (MDR1)  gene  in  the  human,  whereas  in  the  rodents  two 
 closely  located  genes Abcb1a  and Abcb1b  encode  for  P-gp.  Apart  from  tumor  cells,  it  is 
 functionally expressed in many physiological tissues such as the liver, intestine, kidney, brain 
 and  placenta  (Staud  et  al.,  2010).  In  the  human  placenta,  the  expression  of  P-gp  decreases 
 during  the  pregnancy  (Gil  et  al.,  2005);  in  contrast,  in  the  rat  placenta  an  increase  in  P-gp 
 expression  toward  the  end  of  gestation  has  been  reported  (Novotna  et  al.,  2004).  P-gp  is 
 localized in the apical membrane of placental syncytiotrophoblast (fig. 2) where it effluxes its 
 substrates  to  the  maternal  circulation  (Ceckova-Novotna  et  al.,  2006;  Molsa  et  al.,  2005). 


Therefore,  P-gp  is  believed  to  provide  a  fetoprotective  role  by  active  back-transport  of 
xenobiotics  and  drugs  to  the  maternal  circulation.  P-gp  transports  a  large  variety  of 
hydrophobic  compounds,  including  many  therapeutic  drugs.  Some  clinically  relevant 
substrates/inhibitors  of  P-gp  include  verapamil,  digoxin,  rosiglitazone,  abacavir,  tenofovir 
disoproxil  fumarate,  efavirenz,  nevirapine,  ritonavir,  delavirdine,  atazanavir,  lopinavir, 
indinavir,  saquinavir,  nelfinavir,  phenytoin,  phenobarbital,  lamotrigine,  levetiracetam, 
carbamazepine, and ondansetron (Staud et al., 2012).  
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2.2.2. Breast cancer resistance protein (BCRP) 


BCRP  was  first  cloned  from  the  doxorubicin-resistant  MCF7  breast  cancer  cell  line 
 (MCF-7/AdrVp)  and  called  breast  cancer  resistance  protein  (Doyle  et  al.,  1998).  It  is  also 
 named  placental  ABC  transporter  (ABCP)  (Allikmets  et  al.,  1998)  and  mitoxanterone 
 resistance  protein  (Miyake  et  al.,  1999).  BCRP  (encoded  by ABCG2)  is  expressed  in  the 
 placenta,  brain,  intestine,  kidney,  liver,  heart,  pancreas,  and  in  venous  and  capillary 
 endothelial  of    almost  all  tissues  (Agarwal  and  Elmquist,  2012;  Hahnova-Cygalova  et  al., 
 2011;  Staud  and  Pavek,  2005).  Different  expression  patterns  of BCRP/BCRP  at  mRNA  and 
 protein  levels  have  been  reported  in  the  human  placenta.  Mathias  et  al  stated  no  gestational 
 age dependence of BCRP/BCRP at mRNA and protein levels in the human placenta (Mathias 
 et al., 2005). On the other hand, other studies have reported an increase (Yeboah et al., 2006) 
 or  decrease  (Meyer  zu  Schwabedissen  et  al.,  2006)  in  BCRP  protein  expression  at  term 
 compared to preterm human placenta. The expression of Bcrp mRNA in the rat was reported 
 to  decrease  from  mid-gestation  to  the  end  of  gestation  (Cygalova  et  al.,  2008).  BCRP  is 
 expressed in the apical membrane of syncytiotrophoblast (fig. 2) where it pumps its substrates 
 to the maternal circulation (Hahnova-Cygalova et al., 2011; Mao, 2008). Additionally, BCRP 
 plays a role as survival factor during the formation of the placental syncytium and protects the 
 trophoblast  against  cytokine-induced  apoptosis  (Evseenko  et  al.,  2007).  Furthermore,  BCRP 
 cooperates  with  OATP2B1  in  vectorial  transport  of  conjugated  sulfate  from  the  fetus  to  the 
 maternal  circulation  (Grube et  al.,  2007). BCRP, similar to  P-gp, has  a fetoprotecive  role in 
 the placenta. It is able to transport a broad spectrum of substances. Many drugs that may be 
 used  during  pregnancy  such  as  glyburide,  zidovudine,  lamivudine,  abacavir,  efavirenz, 
 delavirdine, lopinavir, ritonavir, nelfinavir, saquinavir, and atazanavir are substrates/inhibitors 
 of BCRP (Staud et al., 2012). 



2.2.3. Multidrug resistance-associated proteins (MRPs) 


Among  the  MRPs  family  members,  two  members,  MRP1  (encoded  by  ABCC1)  and 
MRP2  (ABCC2),  are  functionally  expressed  in  the  placenta;  however  with  different 
localization  in  the  syncytiotrophoblast  (fig.  2).  It  must  be  noted  that  other  placental  MRPs 
members  such  as  MRP3  (ABCC3),  MRP5  (ABCC5),  and  MRP8  (ABCC11)  in  human  and 
MRP4 (Abcc4), MRP5 (Abcc5), MRP6 (Abcc6), and MRP7 (Abcc10) in rodents need further 
studies to evaluate their roles in transplacental pharmacokinetics. MPRs are involved in efflux 
transport  of  many  substances  including  organic  anion  drugs,  anionic  conjugates,  and 
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nucleotides in mammalian cells (Ceckova-Novotna et al., 2006). They are expressed in many 
 tissues  including  the  placenta,  brain,  liver,  kidney,  heart,  intestine,  lung  and  testes  (Borst  et 
 al.,  2000;  Klaassen  and  Aleksunes,  2010).  Although  P-gp  and  BCRP  have  been  well 
 documented  in  the  transplacental  pharmacokinetics  much  less  is  known  about  the  role  of 
 MRPs in the placenta. 


MRP1 is  expressed in  the basal  membrane of syncytiothrophoblast  (fig. 2)  and also  in 
 fetal capillaries  (Atkinson et  al.,  2003;  Nagashige et  al.,  2003). MRP1 has  a  broad substrate 
 specificity  including  many  drugs  such  as  antiretrovirals,  antineoplastics,  and  antibiotics 
 (Deeley  and  Cole,  2006).  Clinically  relevant  substrates/inhibitors  of  MRP1  include 
 emtricitabine,  abacavir,  tenofovir,  lamivudine,  delavirdine,  efavirenz,  nevirapine,  indinavir, 
 ritonavir, lopinavir, atazanavir, methotrexate and folate analogs, glutathione, glucuronide and 
 sulfate  conjugates  as  well  as  heavy  metal  anionic  complexes  (Staud  et  al.,  2012).  In  the 
 placenta,  MRP1  transports  endogenous  substrates  such  as  leukotrienes  and  reduced 
 glutathione  to  the  fetus.  It  also  works  in  concert  action  with  OATP4A1  to  make  a  vectorial 
 transport  of  conjugated  compounds  from  mother  to  fetus  (Nishikawa  et  al.,  2010).  MRP2  is 
 localized to the apical membrane of the syncytiotrophoblast (fig. 2) similar to P-gp and BCRP 
 (Meyer  zu  Schwabedissen  et  al.,  2005;  St-Pierre  et  al.,  2000),  thus,  assumed  to  have  a 
 fetoprotective role by  efflux of its  substrates from  syncytiotrophoblast  to  the mother. MRP2 
 has shown similar substrate specificity with MRP1 (Staud et al., 2012). 



2.3. Solute carrier (SLC) transporters in the placenta 


  


The solute carrier (SLC) superfamily is the largest family of transporters, consisting of 
 over 300 members. The members of the SLCs are expressed in a variety of tissues, especially 
 in kidney, liver, placenta, brain, intestine, lung, and testis (Damme et al., 2011; Klaassen and 
 Aleksunes,  2010;  Koepsell  et  al.,  2007).  They  translocate  many  substances  either  into,  i.e. 


uptake, or out, i.e. efflux, of cell. They are substantial in transport of organic substances and 
 ions  across  plasma  membranes.  SLCs  have  been  shown  to  mediate  transport  of  various 
 compounds with different molecular structures and dimensions. Therefore, they are so called 


“polyspecific”  transporters.  They  play  a  major  role  in  transport  of  endogenous  compounds, 
 such  as  nucleosides,  sugars,  amino  acids,  hormones,  leukotrienes,  and  prostaglandins 
 (Damme  et  al.,  2011;  Nies  et  al.,  2011).  Furthermore,  they  are  important  in  the  transport  of 
 many  clinically  used  drugs  (Damme  et  al.,  2011;  Koepsell  et  al.,  2007;  Nies  et  al.,  2011). 


Interestingly, some members of the SLC family  such as OCTs and MATEs work in  concert 
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manner to mediate vectorial transport of organic cations in the major excretory organs, i.e. the 
 kidney and liver, where OCTs are responsible for uptake and MATEs take responsibility for 
 efflux  of  organic  cations  (Giacomini  et  al.,  2010;  Nies  et  al.,  2011;  Otsuka  et  al.,  2005; 


Yonezawa and Inui, 2011). This type of vectorial transport has not yet been described in the 
 placenta. 


In  the  placenta,  SLCs  facilitate  the  transport  of  hydrophilic  or  charged  compounds  in 
 the energy-independent manner (Staud et al., 2012). Whereas other transporter family such as 
 ABC drug efflux in the placenta was extensively studied in terms of expression, localization, 
 transport function, and substrate specificity, much less attention has been paid  to the role of 
 SLCs in transplacental pharmacokinetics.  



2.3.1. Organic cation transporters (OCTs/SLC22A) 


Generally,  organic  cation  transporters  (OCTs)  transport  small  hydrophilic  compounds, 
 ranging  from  60  to  350  Da,  in  the  bidirectional  manner  (Jonker  and  Schinkel,  2004).  They 
 translocate  organic  cations,  weak  bases  that  are  positively  charged  at  physiological  pH,  and 
 some  non-charged  compounds  (Klaassen  and  Aleksunes,  2010;  Koepsell  et  al.,  2007).  The 
 data  suggest  that  the  OCTs  contain  substrate  binding  regions  that  are  accessible  from 
 extracellular  and/or  intracellular  space  and  exhibit  similar  but  not  identical  substrate 
 specificity from both sides (Koepsell et al., 2007). They are facilitative diffusion systems that 
 transport  cations  in  both  directions  and  operate  independently  of  H+ and  Na+ gradients 
 (Ciarimboli,  2008).  The  driving  forces  that  determine  the  direction  of  the  translocation  is 
 provided  jointly  by  the  concentration  gradient  of  the  transported  substrate  and  by  the 
 membrane potential (Koepsell and Endou, 2004; Nies et al., 2011). 


OCT1  (encoded  by SLC22A1),  OCT2  (SLC22A2),  and  OCT3  (SLC22A3)  are  three 
 subtypes  of  OCTs  family.  They  play  an  important  role  in  the  pharmacokinetics  of  substrate 
 drugs, mediating hepatic uptake and direct intestinal secretion (OCT1), renal secretion (OCT1 
 and OCT2) and uptake into the heart, liver and  trophoblast  cells (OCT3)  (Ciarimboli, 2008; 


Jonker and Schinkel, 2004; Koepsell et al., 2007; Nies et al., 2009; Staud et al., 2012). OCT1 
and OCT2 are more expressed in the liver and kidney but OCT3 is more predominant in the 
placenta (Bottalico et al., 2004; Ciarimboli, 2008; Koepsell et al., 2007; Leazer and Klaassen, 
2003; Nies et al., 2011). In humans the strongest expression of OCT3/OCT3 was found in the 
placenta, heart, brain, skeletal muscle and liver; however, it was also detected in other organs 
such as kidney and lung as well as some cancer cells (Klaassen and Aleksunes, 2010; Nies et 
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al.,  2011).  In  rodents,  Oct3/OCT3  is  the  most  abundantly  expressed  in  the  placenta 
 (Ganapathy and Prasad, 2005; Kekuda et al., 1998; Klaassen and Aleksunes, 2010; Leazer and 
 Klaassen,  2003),  and  its  expression  was  also  reported  in  a  variety  of  other  tissues  including 
 kidney,  liver,  testis,  skeletal  muscle,  blood  vessels,  ovary,  heart,  spleen,  intestine,  brain  and 
 lung (Koepsell et al., 2007). 


Several studies have investigated the expression and function of OCT3 in the placenta 
 (Ganapathy  and  Prasad,  2005;  Kekuda  et  al.,  1998;  Lee  et  al.,  2009b;  Sata  et  al.,  2005); 


however,  the  outcomes  of  these  studies  were  often  inconsistent  and  contradictory.  With 
 respect to the placental OCT3, Kekuda et al. (1998) suggested that OCT3 may be responsible 
 for the uptake of cationic substances from the fetal circulation into the placenta. Other studies 
 proposed inconsistent  viewpoints of OCT3 role in  the placenta suggesting that “OCT3 may 
 transfer organic cation from placenta into fetus”  (Ganapathy and Prasad, 2005) and  “OCT3 
 constitutes  a  leak  pathway  for  fetal  exposure”  (Lee  et  al.,  2009b).  In  2005,  Sata  et  al. 


suggested  that  OCT3  is  expressed  on  the  basal  membrane  of  human  trophoblast  cells  and 
 plays an important role in the placental transport of cationic compounds.  


It  must  be  remembered  that  OCT3  cannot  mediate  transcellular  transfer  of  organic 
 cations  by  itself  and  other  transporter(s)  is/are  required  for  complete  transfer  of  organic 
 cations.  For  instance,  in  the  transcelluar  transport  of  organic  cations  across  the  biological 
 membrane in the kidney and liver, OCTs on the basolateral membrane take up organic cations 
 and then on the apical membrane other transport protein(s) such as P-gp, MATE1, MATE2-K 
 or  MATE2  is/are  responsible  for  the  efflux  of  organic  cations  (Giacomini  et  al.,  2010; 


Koepsell et al., 2007; Komatsu et al., 2011; Nies et al., 2011; Yonezawa and Inui, 2011). In 
 the  placenta,  it  has  not  been  systematically  explored  whether  OCT3  cooperates  with  other 
 transporter(s) to translocate organic cations. 


OCT3  recognizes  many  endo-  and  exogenous  compounds,  as  substrates  or  inhibitors, 
such  as  the  neurotoxin  1-methyl-4-phenylpyridinium  (MPP+),  tetraethylammonium  (TEA), 
agmantine,  cimetidine,  prazosin,  metformin,  phenformin,  dopamine,  atropine,  dopamine, 
epinephrine,  norepinephrine,  etilefrine,  guanidine,  histamine,  guanidine,  corticosterone, 
desipramine,  imipramine,  lidocaine,  oxaliplatin,  azidothymidine,  tenofovir,  and  lamivudine 
(Klaassen and Aleksunes, 2010; Koepsell et al., 2007; Nies et al., 2011). Abundant placental 
expression  and  wide  substrate/inhibitor  specificity  indicate  the  importance  of  OCT3  on  the 
fetomaternal  interface;  however,  its  role  in  transplacental  pharmacokinetics  is  still  not  fully 
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understood.  Thus,  in  this  study,  we  focused  on  its  placental  expression,  localization,  and 
 function. Additionally, since OCT3 shares many  substrates/inhibitors with MATE1 (table 1) 
 we hypothesized that the MATE1 in  the placenta might  cooperate with  OCT3  to translocate 
 organic cations.  


Table 1. Common substrates and inhibitors of OCT3 and MATE1.


Common substrates/inhibitors of 
 OCT3 and MATE1 


References  
 Amantadine   (Amphoux et al., 2006; Tsuda et al., 2009b) 


Cimetidine   (Lee et al., 2009a; Otsuka et al., 2005; Tanihara et al., 2007; 


Tsuda et al., 2009b) 


Cisplatin   (Yonezawa et al., 2006) 


Corticosterone  (Hayer-Zillgen et al., 2002; Otsuka et al., 2005) 
 Desipramine   (Tsuda et al., 2009b; Wu et al., 2000) 


Diltiazem   (Tsuda et al., 2009b; Umehara et al., 2008) 
 Diphenylhydramine   (Muller et al., 2005; Tsuda et al., 2009b) 
 Disopyramide   (Hasannejad et al., 2004; Tsuda et al., 2009b) 
 Famotidine   (Sata et al., 2005; Tsuda et al., 2009b) 


Guanidine  (Tanihara et al., 2007; Wu et al., 2000) 


Imipramine  (Tsuda et al., 2009b; Wu et al., 2000) 


Metformin   (Kimura et al., 2009; Tanihara et al., 2007; Tsuda et al., 
 2009b) 


1-methyl-4-phenylpyridinium (MPP+)  (Han et al., 2010; Matsumoto et al., 2008; Sata et al., 2005; 


Tanihara et al., 2007; Terada et al., 2006; Tsuda et al., 2007; 


Wu et al., 2000) 


Nicotine   (Lips et al., 2005; Otsuka et al., 2005) 


Oxaliplatin   (Yonezawa et al., 2006) 


Procainamide   (Hasannejad et al., 2004; Tanihara et al., 2007; Tsuda et al., 
 2009b; Wu et al., 2000) 


Quinidine   (Bourdet et al., 2005; Hasannejad et al., 2004; Ming et al., 
 2009; Tsuda et al., 2009b; Umehara et al., 2008) 


Quinine  (Muller et al., 2005; Tanihara et al., 2007) 


Ranitidine   (Muller et al., 2005; Tsuda et al., 2009b) 
 Serotonin   (Amphoux et al., 2006; Otsuka et al., 2005) 
 Tenofovir   (Minuesa et al., 2009; Tanihara et al., 2007) 


Tetraethylammonium  (TEA)  (Bourdet et al., 2005; Dresser et al., 2002; Chen et al., 2007; 


Ming et al., 2009; Tanihara et al., 2007) 



2.3.2. Multidrug and toxin extrusion (MATEs/SLC47A) proteins  


Multidrug  and  toxin  extrusion  (MATE)  protein  transporter  was  first  recognized  in 
bacteria and named NorM and YdhE (Morita et al., 1998). In 2005, the first human orthologue 
was  identified  as  MATE1  (Otsuka  et  al.,  2005).  Recent  studies  revealed  that  two  genes 
(MATE1/SLC47A1 and MATE2/SLC47A2) are responsible for encoding human orthologues of 
MATE protein; i.e. MATE1 and MATE2 proteins (Kajiwara et al., 2009; Otsuka et al., 2005). 
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The  MATE2-K  and  MATE2-B  were  identified  as  additional  MATE2  isoforms;  but  only 
 MATE2-K  shows  about  94%  amino  acid  similarity  with  MATE2  (Masuda  et  al.,  2006). 


Additionally,  MATE2  and  MATE2-K  are  reported  to  be  functional  and  MATE2-B  is 
 nonfunctional (Komatsu et al., 2011; Masuda et al., 2006; Tanihara et al., 2007). In 2007, the 
 MATE  family  was  classified  as  SLC47  family  by  Human  genome  organization  (HUGO) 
 Gene  Nomenclature  Committee  (HGNC).  MATEs  function  as  efflux  transporter  proteins, 
 even  though  they  are  categorized  to  the  SLC  transporter  families  (Aleksunes  et  al.,  2008). 


They have been identified in humans (Masuda et al., 2006; Otsuka et al., 2005), rats (Ohta et 
 al.,  2006),  mice  (Otsuka  et  al.,  2005;  Shuster  et  al.,  2012),  and  rabbits  (Zhang  et  al.,  2007). 


MATEs  appear  to  work  in  concert  with  other  OCTs  in  the  kidney  and  liver  (Klaassen  and 
 Aleksunes, 2010; Koepsell et al., 2007; Nies et al., 2011). They mediate the excretion and/or 
 secretion  of  structurally  diverse  array  of  many  endogenous  and  exogenous  compounds 
 including  many  clinically  used  drugs,  toxins,  and  endogenous  metabolites  (Damme  et  al., 
 2011; Nies et al., 2011; Tanihara et al., 2007; Yonezawa and Inui, 2011).  


Several studies, using Real-time PCR, northern and western blot analyses revealed that 
 MATE1  mRNA/protein  is  highly  expressed  in  the  kidney  and  liver;  additionally,  it  is  also 
 expressed in other tissues such as the adrenal gland, skeletal muscle, and testis. MATE2 and 
 MATE2-K  were  recognized  as  kidney-specific  transporter  proteins  (Komatsu  et  al.,  2011; 


Masuda et  al.,  2006;  Otsuka et  al.,  2005).  Rat Mate1  (Mate1) mRNA is  highly expressed  in 
 the  kidney  and  placenta,  and  slightly  expressed  in  pancreas,  spleen,  bladder  and  lung 
 (Nishihara  et  al.,  2007;  Terada  et  al.,  2006).  Immunohistochemical  analyses  revealed  that 
 MATE1 protein is abundantly expressed on the apical region of the proximal (Masuda et al., 
 2006; Otsuka et  al., 2005)  and distal  convoluted tubules  of the kidney  (Otsuka et  al.,  2005), 
 and in the liver it is present on the apical canalicular membrane of hepatocytes (Otsuka et al., 
 2005). 


Many  in  vivo  and  in  vitro  studies  revealed  that  MATE  transporters’  driving  force  is 
supplied  by  an  oppositely  directed  proton  gradient  for  translocation  of  various  polyspecific 
organic cations across the plasma membrane (Otsuka et al., 2005; Tanihara et al., 2007; Tsuda 
et al., 2007; Tsuda et al., 2009a; Tsuda et al., 2009b). Additionally, MATE1 has been shown 
to transport zwitterionic β-lactam antibiotics such as cephalexin and cephradine (Tanihara et 
al., 2007; Watanabe et al., 2010). The renal and biliary secretory process of many endo- and 
exogenous  organic  cations  including  many  therapeutic  drugs  is  an  essential  physiological 
function of MATE transporters (Moriyama et al., 2008; Terada and Inui, 2008; Yonezawa and 
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Inui,  2011).  This  function  is  performed  by  the  synchronized  activity  of  MATE  and  OCT 
 transporters in the kidney and liver. 


Endogenous  substrates of MATEs include thiamine,  guanidine,  creatinine, and estrone 
 sulfate  (Damme  et  al.,  2011).  MATEs  translocate  also  many  exogenous  compounds  such  as 
 MPP+,  TEA,  cimetidine,  metformin,  quinidine,  quinine,  corticosterone,  creatinine,  thiamin, 
 serotonin,  oxaliplatin,  fexofenadine,  procainamide,  levofloxacin,  desipramine,  imipramine, 
 acyclovir, ganciclovir, and tenofovir. More than 30 therapeutic drugs have been demonstrated 
 to  interact  with  MATE  transporters  (Damme  et  al.,  2011;  Nies  et  al.,  2011).  Many  of  these 
 clinically used drugs showed to be common substrates and/or inhibitors of MATE and OCT 
 transporters  (Klaassen  and  Aleksunes,  2010;  Nies  et  al.,  2011).  In  table  1,  some  shared 
 substrates/inhibitors  of  MATE1  and  OCT3  are  shown.  The  significant  overlap  in 
 substrate/inhibitor  specificity  of  MATE1  and  OCT3  transporters  are  key  points  that  support 
 their coordinated function as well as clinically important drug-drug interaction. 


Although  MATE  transporters  are  expressed  in  many  tissues  and  play  a  pivotal  role  in 
 pharmacokinetics,  their  expression  and  function  in  the  placenta  is  not  fully  known  to  date. 


Therefore, in this study we investigated its placental expression, localization, and function.  



2.4. Compounds used for functional studies 


In this study, to test the function of placental OCT3 and MATE1 transporters 1-methyl-
 4-phenylpyridinium  (MPP+),  as  a  model  substrate,  and  metformin,  as  a  clinically  used  drug 
 during pregnancy, were used.  



2.4.1. 1-methyl-4-phenylpyridinium (MPP
+) 


MPP+ is a positively charged molecule with chemical formula C12H12N+ (fig.3). It is an 
 active  metabolite  of  dopaminergic  neurotoxin  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
 (MPTP). MPTP is converted to the toxic cation MPP+ by the enzyme monoamine oxidase B 
 (MAO-B)  of  glial  cells  (Heikkila  et  al.,  1984;  Langston  et  al.,  1984;  Markey  et  al.,  1984). 


MPP+  is  a  toxin  that  acts  by  interfering  with  oxidative  phosphorylation  in  mitochondria, 
causing depletion of ATP and death (Mizuno et al., 1987; Obata, 2006; Poltl et al., 2012). The 
compound  reduces  dopamine  levels,  inhibits  the  biosynthesis  of  catecholamines,  depletes 
cardiac norepinephrine and inactivates tyrosine hydroxylase  (Dohi et al., 2004; Feuerstein et 
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al.,  1988;  Hemrick-Luecke  et  al.,  1990;  Chagkutip  et  al.,  2003;  Ozaki  et  al.,  1988)  and  has 
 been shown to cause symptoms that mimic Parkinson disease (Wang et al., 2011). 


Figure 3. Structure of MPP+. 


Since  MPP+  is  a  charged  molecule,  it  is  not  able  to  cross  placental  barrier  by  passive 
 diffusion;  therefore,  it  is  an  ideal  candidate  model  for  our  studies  as  it  also  is  a  well-
 established substrate of  OCT3  (Sata et  al.,  2005;  Wu et  al.,  1998)  and MATE1  (Tanihara et 
 al.,  2007;  Tsuda  et  al.,  2007).  Furthermore,  it  is  not  subjected  to  metabolic  degradation 
 (Sayre, 1989) which makes it a suitable model compound for functional analysis of OCT and 
 MATE transporters. In addition, little is known regarding its transplacental passage. 



2.4.2. Metformin 


Metformin is an oral anti hyperglycemic agent of the biguanide class (fig. 4). Its pKa of 
 11.5  indicates  metformin  will  exist  almost  entirely  in  the  ionized  form  at  physiological  pH 
 (Graham  et  al.,  2011).  Metformin does not  bind  to  plasma proteins  and is  eliminated by the 
 kidneys without significant metabolism in urine (Graham et al., 2011). In the major excretory 
 organs such as the kidney and liver, metformin is transported by vectorial transport mediated 
 by the cooperative action of OCTs and MATEs (Chen et al., 2010; Tsuda et al., 2009a); OCTs 
 facilitate the uptake of metformin, and MATEs are responsible for its efflux.   


  
Figure 4. Structure of metformin. 
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Metformin  has  been  recommended  as  an  alternative  to  insulin  for  the  treatment  of 
 gestational diabetes mellitus (Goh et al., 2011; Rowan et al., 2011). It is also frequently used 
 in pregnant women with polycystic ovary syndrome (Ghazeeri et al., 2012; Kumar and Khan, 
 2012; Lord et al., 2003; Morin-Papunen et al., 2012). Additionally, the risk of abortions was 
 reduced during the first trimester of pregnancy when metformin was administered (Glueck et 
 al., 2004; Glueck et al., 2001). Although metformin has been considered to be non-teratogenic 
 for a long time (Coetzee and Jackson, 1979; Coetzee and Jackson, 1984; Coetzee and Jackson, 
 1985; Goh et al., 2011; Rowan et al., 2011), its recommendation for the use during pregnancy 
 was introduced without proper knowledge of its transplacental passage. 


Several  research  groups  have  investigated  metformin  transport  across  the  placenta 
(Kovo et al., 2008a; Kovo et al., 2008b; Nanovskaya et al., 2006; Tertti et al., 2010; Tertti et 
al., 2008); however, the outcomes of these studies are unclear and the exact mechanism(s) of 
the transplacental transfer of metformin remain(s) unknown.   
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3. Aims of the study  


Earlier in the text, it was explained that placental transporters play an important role in 
 maternofetal  disposition  of  many  endo-  and  exogenous  compounds.  Consequently,  good 
 knowledge  of  placental  transporters  and  their  interactions  with  xenobiotics  is  important  for 
 optimizing pharmacotherapy during gestation and predicting the risks thereof. The main aim 
 of  this  study  was  to  investigate  the  expression,  localization  and  function  of  OCT3  and 
 MATE1 transporters in the rat placenta. In detail, partial goals were to investigate: 


1)  the  expression  of Oct/OCT  and Mate/MATE  isoforms  in  the  rat  placenta  and 
 fetal tissues using qRT-PCR and Western blot analysis  


2)  the  localization  of  OCT3  and  MATE1  in  the  rat  placenta  at  different  stages  of 
 pregnancy using immunohistochemical analysis 


3)  the  function  of  OCT3  and  MATE1  using  the  technique  of  dually  perfused  rat 
 term  placenta  and  employing  MPP+  as  a  common  substrate  of  OCT3  and 
 MATE1 


4)  the  fetal  exposure  to  organic  cations  at  different  stages  of  pregnancy  using 
 infusion of MPP+ in pregnant rats 


5)  the  role  of  placental  OCT3  and  MATE1  in  vectorial  transport  of  metformin 
across the perfused rat term placenta. 
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