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Abstract  Aims/hypothesis: The human placenta is a
complex organ situated at the interface between mother and
foetus that separates maternal from foetal blood. The pla-
cental surfaces exposed to the two bloodstreams are dif-
ferent, i.e. trophoblasts and endothelial cells are in contact
with the maternal and foetal circulation, respectively. Both
cell types produce high insulin receptor levels. The aim of
the present study was to test the hypothesis that spatio-
temporal changes in insulin receptor expression in tropho-
blasts from first trimester to the endothelium at term shift
the control of insulin-dependent processes from mother to
foetus. Methods: Global microarray analysis of primary
trophoblasts from first trimester and term human placentas
and endothelial cells from term human placentas cultured
under hyperinsulinaemic and control conditions identified
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different sets of regulated genes in trophoblasts and en-
dothelial cells. Results: Insulin effects on placental gene
expression underwent developmental changes from tro-
phoblasts in the first trimester to endothelial cells at term
that were paralleled by changes in levels of activated
insulin receptors. The changes in gene regulation were
both quantitative (i.e. magnitude of effect) and qualitative
(i.e. specific genes affected and direction of regulation).
Conclusions/interpretation: This spatio-temporal shift in
insulin sensitivity throughout pregnancy allows maternal
and foetal insulin to regulate different processes within the
placenta at different gestational stages, facilitated by com-
partmentalisation of the insulin response. Thus, by altering
the levels and function of insulin receptors in space and
time, control of insulin-dependent processes in the human
placenta will change from mother to foetus throughout
gestation. This will be of particular interest in conditions
associated with altered maternal or foetal insulin levels,
i.e. diabetes mellitus or intrauterine growth restriction.

Keywords Endothelial cells - Gene expression - Insulin -
Placenta - Trophoblasts

Abbreviations EC: endothelial cell - FT: first-trimester
trophoblast - GDM: gestational diabetes - hCG: human
chorionic gonadotropin hormone - TT: term trophoblast

Introduction

The mechanisms by which the metabolic and hormonal
environment regulate the growth of the foetus and may
cause foetal overgrowth in diabetes are poorly understood.
Intrauterine maldevelopment leads to foetuses with a
birthweight inappropriate for their gestational age (i.e.
overweight or underweight), who are at a higher risk of
developing obesity and metabolic disorders later in life [1].
Animal studies and observations in humans clearly showed
that in addition to genetics, the intrauterine environment
also has a strong influence on foetal growth and develop-
ment [2—4].
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The human placenta is a foetal organ that develops
within the uterus. Its growth precedes that of the foetus
proper. As a complex organ, it is composed of a variety of
different cells. Owing to its position at the interface be-
tween mother and foetus, the placenta separates maternal
and foetal blood. The surfaces exposed to the two blood-
streams are different: the maternal circulation is in contact
with the trophoblasts whereas the foetal circulation is in
contact with the placental endothelium. Both cell types
express high levels of insulin receptors [5].

Endocrine or metabolic changes in either circulation
may affect the placenta, and the specific effect may differ
depending on the specialised function of the cells [6, 7].
Maternal diabetes mellitus is associated with changes in the
maternal and foetal circulation. In insulin-treated gesta-
tional diabetes (GDM), maternal hyperinsulinism is a char-
acteristic metabolic feature. Hyperinsulinism is also found
in the foetal circulation as a result of the stimulation of the
foetal pancreas by elevated levels of insulin secretagogues
[8]. Therefore, diabetes in pregnancy represents a condition
in which insulin acts on two different surfaces of one tissue,
i.e. the human placenta.

Insulin can influence cells in a diverse manner. It can
modulate intracellular metabolism by altering the activity
or intracellular location of various enzymes, and it can
regulate gene expression. More than 150 insulin-respon-
sive genes are known [9-11], and these encode proteins
related to various cellular functions. The specific insulin
response depends on the type and stage of differentiation of
the cell.

Maternal and foetal insulin may induce opposing effects
and may even discordantly alter placental function if the
responses are not controlled and coordinated. One possible
mechanism of control involves the separation of effects in
time (i.e. gestational age) and space (i.e. the two surfaces),
and the aim of this study was to investigate this mechanism.

The availability of methods to isolate primary cells from
both surfaces from the human placenta, i.e. trophoblasts
and endothelial cells (ECs), enabled us to analyse in vitro
the insulin-induced effects separated by space. In addition,
trophoblasts can be obtained from the beginning and the
end of gestation and, hence, be used to analyse the effect of
time. In the first trimester, placental ECs are very sparse
and do not produce insulin receptors at levels detectable by
immunohistochemistry [5] and, hence, may not compete
for insulin effects in the placenta.

In the present study we used global gene expression to
investigate whether there is a shift in the sensitivity of
insulin-mediated gene expression from the maternal to the
foetal surface of the human placenta over the course of
pregnancy.

Materials and methods

Isolation of cells Trophoblasts (TTs) and ECs were iso-
lated from term placentas after uncomplicated pregnancy
and vaginal delivery following a standard protocol [12,
13]. First-trimester trophoblasts (FTs) were isolated from

placental tissue after pregnancy terminations for psycho-
social reasons (seventh to tenth week of pregnancy) as
described previously [13].

Characterisation and culture of human trophoblasts and
ECs All cell preparations were subjected to rigorous im-
munocytochemical characterisation [12—14]. Trophoblasts
were tested for viability by measuring secreted human
chorionic gonadotropin hormone (hCG) levels using a
commercially available assay (Dade Behring, Deerfield, IL,
USA). Only preparations of >99% purity and the charac-
teristic kinetics of hCG secretion [15] were used. Prior to
the addition of insulin, trophoblasts were cultured for 24 h
in DMEM (GIBCO, Paisley, UK) with 10% FCS, 100 mg/
ml streptomycin and 100 IU/ml penicillin (GIBCO), to
allow adaptation to the in vitro conditions.

ECs were characterised by internalisation of acetylated
LDL (Biomedical Technologies, Stoughton, MA, USA)
[12]. They were cultured on 1% (v/v) gelatin-coated plates
using Endothelial Basal Medium (Clonetics, Cambrex,
Walkersville, MD, USA) supplemented with the EGM-
MYV BulletKit (Clonetics) until 70% confluency, at which
time insulin was added.

Each cell preparation was divided into two subpopula-
tions, which were cultured in appropriate medium under
normoinsulinaemic (9 pmol/l; 1.5 pU/ml) or hyperinsulin-
aemic (1 nmol/l; 167 pU/ml) conditions for 16 h. Insulin
was from ICN Biomedicals (Aurora, OH, USA), and
media concentrations of insulin were measured by RIA
(IMP Biomedicals, Doornveld, Belgium).

RNA isolation and processing RNA was isolated using
Trizol (MRC, Cincinnati, OH, USA) followed by quality
assessment using a bioanalyser (Agilent, Palo Alto, CA,
USA). Experimental procedures and data analysis fol-
lowed recommended standards [16]. Total RNA from ten
preparations per cell type, isolated from different placen-
tas, was pooled [17]. Using 5 pg of pooled RNA, cDNA
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Fig. 1 Number of genes upregulated or downregulated by >1.5-fold
by 1 nmol/l insulin as compared with 9 pmol/l insulin in FTs, TTs
and ECs. The proportion of downregulated genes is shown within
the bars. The open bars represent the number of upregulated genes,
the closed bars represent the number of downregulated genes
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Table 1 Insulin-regulated genes identified by microarray and verified by semiquantitative RT-PCR or real-time PCR

Gene Celltype Function Probe set ID on the chip Fold change + SD

Chip PCR
BTG2 FT Antiproliferative 201235_s at -1.5 —1.5+0.02%
CYP51A1 FT Cholesterol synthesis 201235 s at 1.6 1.3+£0.06
EFNB2 EC Angiogenesis 202669_s _at -1.6 —1.440.05
EPASI EC Vascularization, response to hypoxia 200879 s _at -1.8 —1.4+0.05%
EZHI TT Regulation of transcription 203249 at —2.8 —1.5+0.1
FNI FT Cell adhesion 214701 s at -1.9 —-1.440.05%
FOXF2 FT Transcription factor 206377 _at -1.5 —1.440.06*
MMPI14 FT Angiogenesis 202827 s at -1.9 —2.0+0.1*
PTBPI EC mRNA splicing 212016 _s_at —2.2 —1.34£0.04
VIL2 FT Actin, cell interaction 208621 s at -1.4 —1.6£0.15

*Fold changes detected by real-time PCR

was synthesised (SuperScript Double-Stranded cDNA
Synthesis Kit, Invitrogen, Carlsbad, CA, USA), tran-
scribed in vitro (RNA Transcript Labeling Kit, Enzo
diagnostics, Farmingdale, NY, USA) and then fragmented.
To test the quality of the cRNA, it was hybridised against
Test-3 arrays (Affymetrix, Santa Clara, CA, USA). As
samples passed the quality criteria (bioC, bioD and cre
were present, the 3":5' ratio of the polyA controls was <3),
the cRNAs were hybridised against Affymetrix HU133A-
chips. RNA preparation and hybridisation was performed
according to the Affymetrix user manual.

Data analysis Raw data were normalised globally and
processed with Microarray Suite, version 5.0 (Affymetrix)
and Data Mining Tool (Affymetrix) software. Genes that
met the following three criteria were classed as being
differentially expressed: (1) fold change >1.5 or <—1.5; (2)
change in p value >0.992 or <0.008; and (3) at least one
signal intensity (control or treatment) >100. Annotations
were obtained from NetAffx (available at http:/www.
affymetrix.com, last accessed in October 2005). Regulated
genes selected as above were clustered manually in

Fig. 2 Functional clusters of
regulated genes under hyperin-
sulinaemia. The bar length rep-
resents the number of genes
within each cluster. ECM,
extracellular matrix

known-outside classes
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Cell adhesion and ECM
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Microsoft Excel according to the encoded proteins’ pu-
tative function using database searches on PubMed and
OMIM (available at http://www.ncbi.nlm.nih.gov, last
accessed in October 2005).

Semiquantitative RT-PCR Primers targeting RPL30 (CCT
AAG GCA GGA AGA TGG TG; CAG TCT GTIT CTG
GCA TGC TT), CYP5141 (AAC CTC TTG TCC ATG
CTG CT; GCA TCA CTC CCC AGA AGG TA), EFNB2
(CTG CTG GAT CAA CCA GGA AT; CCG GTA CTT
CAG CAA GAG GA), EZHI (CTG GAC TGT GGG TTC
CAA AT, CTG AAG CTG GGA CAG GAG AC), PTBPI
(AAG GTC CTG TTT TCC AGC AA; CCC TAG ATG
GTG GAC TTG GA) and VIL2 (GCC AAG TTT GGG
GAC TAC AA; TTT CCA GGT CCT GAG CAA TO)
were designed using the public web-page Primer3 (avail-
able at http://frodo.wi.mit.edu/cgi-bin/primer3/primer3
www.cgi, last accessed in October 2005) and purchased
from MWG Biotech (Ebersberg, Germany). The primer
pairs hybridised within the target sequence of the
HU133A-chip and, wherever possible, included splicing
sites within the amplicon. The transcription of RPL30
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Fig. 3 Venn diagram, showing
the number of genes that were
differentially expressed in FT
and EC. The genes regulated by
insulin (1 nmol/l) in more than
one cell type are listed in the
right panel and printed in bold if
they are regulated in same
direction in both cell types. The
genes regulated only in TT are
listed in the left panel
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(which encodes ribosomal protein L.30) was used as an
internal control [18]. For validation, RNA from newly iso-
lated and insulin-treated cells was used following the pro-
tocol for the microarray analysis. Total RNA (100 ng) was
used in the One-Step RT-PCR Kit from Quiagen (Hilden,
Germany) according to the manufacturer’s instructions.
The optimum cycle number was determined for each primer
pair. PCR products were separated by electrophoresis
through agarose gels (2%), documented with the Eagle-Eye
system (Stratagene, La Jolla, CA, USA) and quantified
using AlphaDigiDoc 1,000 (Alpha Innotech, San Leandro,
CA, USA) software.

Real-time PCR The cDNA was synthesised from 500 ng
RNA according to the protocol used for the microarray
experiment. Real-time PCR was performed with Assay-
on-Demand Gene Expression Products from Applied Bio-
systems for the relevant genes using TagMan and the ABI
Prism 5,700 Sequence Detection System. Data were an-
alysed according to the 2722CT method [19]. Levels of
RPL30 were measured as an internal control [18].

Western blot for insulin receptors and phosphorylated
insulin receptors Cells were serum starved overnight.
Insulin was added to a final concentration of 1 pmol/l
(167 mU/ml) for 4 min. No insulin was added to the
controls. Cells were lysed in buffer containing 0.01 mol/l
Tris pH 7.4, 1% SDS, 1 mmol/l sodium orthovanadate and
Complete Protease Inhibitor (Roche, Mannheim, Ger-
many) mixed with an equal volume of Laemmli sample
buffer (Sigma, St Louis, MO, USA). Prior to electropho-
resis, samples were centrifuged and boiled for 5 min at
99°C. Equal amounts of protein, determined by the meth-
od of Lowry et. al [20], were used for SDS-PAGE on an
8—18% gradient gel (ExcelGel; Pharmacia, Uppsala,
Sweden). After semi-dry electroblotting (Excel system;
Pharmacia) according to the manufacturer’s instructions,
membranes were blocked for 1 h with 5% (w/v) non-fat
dry milk (BioRad, Hercules, CA, USA) and 0.1% (v/v)
Tween-20 (Sigma) in 0.14 mol/l Tris-buffered saline pH
7.3 at room temperature. This solution was used for sub-
sequent washings and as a diluent for the antibodies. The
membranes were incubated with the antibodies against

Table 2 Experimental conditions used by the present study and other microarray studies to identify insulin-regulated genes

Reference Cell type

Serum starvation Insulin concentration Duration of

No. of  Upregulated Downregulated

stimulation regulated genes (%)  genes (%)
genes
[24] Human skeletal muscle 4143 to 858452 3 h hyperinsulin- 762 63 37
pmol/l insulin aemic clamp
[25] Mouse fibroblasts Overnight 50 nmol/l 90 min 25 88 12
[26] 3T3 L1 cells expressing Overnight Stimulation with 4h 38 68 32
TrkC/insulin receptor 4 nmol/l
chimeric receptors neutrotrophin- 3
[27] Mouse fibroblasts 24 h 10 nmol/l 30 min, 3 h/8 h 230 ~50 ~50
overespressing insulin
receptor-A
[28] Fibroblasts from patients with leprechaunism (insulin receptor deficient) compared 202 75 25

with fibroblasts from control subjects

This study FT, TT, EC no 1 nmol/l

16 h




insulin receptors (1:300 dilution; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) and Tyr1162/Tyr1163-phos-
phorylated insulin receptors (Calbiochem, San Diego, CA,
USA) overnight at 4°C. After washing, the membranes
were incubated with the secondary antibody (1:1,000
dilution; BioRad) for 1 h at room temperature. Immuno-
labelling was visualised using the SuperSignal CL-HRP
Substrate System (Pierce, Rockford, IL, USA). Mem-
branes were exposed to Hyperfilm (Amersham, Chalfont
St Giles, UK) and than analysed using a digital camera and
the AlphaDigiDoc 1,000 software.
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Results

Microarray analysis Of the 22,215 transcripts analysed,
the levels of 236 and 146 transcripts were either increased
or decreased by insulin by a factor >1.5 in FTs and ECs,
respectively (Fig. 1). Only six differentially expressed
genes were identified in TTs (Fig. 1). In trophoblasts, most
genes were downregulated (91% in FTs; 83% in TTs),
whereas, at term, 45% of the differentially expressed genes
in ECs were upregulated (Fig. 1). This spatio-temporal
change in gene response was also seen when more strin-

Table 3 Insulin-induced genes common to the present and other studies

Gene name Regulation Cell type
Other studies  Chip

Early B-Actin Up/0°® -12 FT

gestation CREBBP/EP300 inhibitory protein 1 Up® 1.7 FT
CCAAT/enhancer-binding protein, & (C/EBP-4) Upb -1.9 FT
Defensin, « 4 Down® -1.6 FT
Formin-binding protein 3 Down® 1.4 FT
3-Hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS]I) Down® -1.6 FT
KIAA0618 Up® -1.5 FT
Myosin heavy chain, skeletal muscle Up¢ -1.7 FT
Protease inhibitor 1 (SERPINAI) Down® 1.8 FT
TAX-1 binding protein Up? -22 FT
RUVB, E coli, homologue-like (TBP-interacting protein) Upf 2.0 FT
Thyroid hormone receptor Up® -14 FT
Transforming growth factor, 3 2 Down® -1.5 FT
Ubiquitin-protein ligase E3A Up® 1.4 FT

Late gestation Enhancer of zestes homologue 1 Down/Up"® -28 1TIT
Pyruvate dehydrogenase kinase Down® -1.7 TT
growth hormone Down® 1.3 TT
3-Hydroxy-3-methylglutaryl-CoA-synthase Down® 1.3 1T
Helicase 2, X-linked (ATRX) Up? -24 EC
B-Actin Up/0® 23 EC
B-Tubulin Up&de -16 EC
Cryptochrome 1 photolyase-like Upf -1.8 EC
Defensin, o 4 Down*® 2.1 EC
Dihydrodiol dehydrogenase Up? 1.7 EC
Fatty-acid-CoA ligase, long-chain 2 Up™© -1.4 EC
KIAA0768 Down® 1.8 EC
v-Ki-ras 2 Kirsten rat sarcoma viral oncogene homologue Up® -14 EC
Lysosomal-associated membrane protein 1 Up® -1.5 EC
Methionine adenosyltransferase II, & Up° 1.5 EC
6-Phospho-2-kinase/fructose-2,6-bisphosphatase Up® 1.8 EC
Squamos cell carcinoma antigen recognised by T cells (SART3) Up®© -1.7 EC
Thrombospondin I Down# -1.5 EC
Transforming growth factor, 3 2 Down® -1.8 EC
Karyopherin (3-2 (transportin 1) Up* -1.5 EC
Hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase Up? -1.7 EC
(trifunctional protein)
Ubiquitin-specific protease 22 Up* 2.7 EC

Experimental conditions were as listed in Table 2. Selection criteria for regulated genes: change in p value >0.992 or <0.008; one
signal >100. No fold change cut-off value was used as the changes in expression levels were regarded as significant according

to the change in p values. The regulation of a gene may differ between studies because of differential insulin response due to differences
in time course [25] or due to divergent reports [9, 10]. 29, °10, €24, 925, ©26, 27, £28. 0 denotes no change
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Fig. 4 Insulin receptor production and activation. a Representative
western blot of proteins from FTs, TTs and ECs probed with
antibodies against total insulin receptor and phosphorylated insulin
receptor (PY-1162, PY-1163) b Densitometric quantification of total
insulin receptor. ¢ Difference in insulin receptor phosphorylation of
insulin-stimulated vs control cells. Data are presented as means+SD;
C, control; I, insulin-treated (4 min); IR, insulin receptor

gent cut-off levels (>2-fold change, >2.5-fold change)
were applied (not shown). On average, insulin induced an
approximately 2-fold change in gene expression levels (for
the complete list of regulated transcripts see Electronic
supplementary material).

Validation of the microarray experiment The insulin-
induced changes in gene expression detected by the
microarray experiment were verified by semiquantitative
RT-PCR or real-time PCR (Table 1). The particular genes
verified were selected such that diverse cellular functions
and all placental cell types analysed were covered.
Although the differential expression of the selected
genes was verified most of the changes were smaller
than those detected by the microarray analysis.

Functional clustering of the regulated genes The insulin-
regulated genes had very diverse cellular functions. The
greatest proportion of genes were related to DNA and
transcription, signal transduction and metabolism in FTs,
and to DNA and transcription, signal transduction and
growth factors/cell cycle/apoptosis in ECs (Fig. 2). The
low number of regulated genes in TTs did not allow
meaningful clustering. Although the pattern of regulated
functional clusters was similar in all cell types, only a few
genes were regulated by insulin in more than one cell type
(Fig. 3). No insulin-sensitive gene was found to be
common to FTs and TTs. A number of differentially reg-
ulated genes in the placenta were also found in other

tissues by other authors (Tables 2 and 3), but the direction
of regulation differed in several cases.

Insulin receptor expression and phosphorylation Western
blot analysis demonstrated high insulin receptor levels in
FTs. TTs produced 70% fewer (p<0.05) insulin receptors.
At term, ECs were the predominant site of insulin receptor
expression, with about twice as many receptors as the TTs
(Fig. 4). In all cells the receptors could be autophos-
phorylated by insulin within 4 min (Fig. 4a). Activation by
insulin was strongest in FTs and lowest in TTs (Fig. 4c).
Activated receptor normalised to total receptor was similar
in all cell types (not shown). According to the microarray
analysis, insulin treatment did not alter levels of INSR
mRNA in the different cell types.

Discussion

The hypothesis of a change in placental control from
mother to foetus is of significance against the background
of hyperinsulinism in the maternal and foetal circulation in
diabetic pregnancies. Based on this we investigated the
effects of hyperinsulinism on distinct placental cells that
may contribute to changes in placental tissue in diabetes.
The experimental conditions chosen mimicked the in vivo
situation as closely as possible: cells were not serum
starved prior to hyperinsulinaemia and a low, yet path-
ophysiological, insulin concentration was used. There was
a 100-fold difference in the insulin concentration between
the control and hyperinsulinaemic conditions. The 1 nmol/l
(167 nU/ml) insulin concentration was chosen as to reflect
the higher range of maternal insulin levels seen in response
to hyperglycaemia in GDM [21] or in the cord blood of
type 1 diabetic pregnancies [22]. It also represents the
upper limit of fasting insulin levels in type 1 diabetic
mothers [23]. The exposure time of 16 h was chosen in
order to allow transcription to occur, but limiting secondary
effects. The fact that these conditions are close to those in
vivo may explain the small magnitude of alterations in gene
expression observed in vitro. In all three cell types, most of
the changes (FT 89%, TT 83%, EC 88%) in gene ex-
pression were not greater than a factor of 2.5. These values
are similar to those reported by another microarray study in
an in vivo situation that analysed human skeletal muscle
tissue during a hyperinsulinaemic clamp [24].

We identified 371 insulin-responsive genes that were
specifically regulated in one compartment of the placenta.
Some of the genes had also been identified in other micro-
array studies, which used different cell models, stimulation
and analysis modalities [24-28], or by other methods [9,
10], thus representing a robust insulin response common to
many cell types.

The insulin-responsive genes encoded proteins involved
in diverse cellular functions extending beyond the classical
functions of insulin (i.e. the transport and metabolism of
glucose). Only in some cases were genes regulated in more
than one cell type (Fig. 3), but the general pattern of
regulated functional clusters was similar: most genes were



related to DNA and transcription and signal transduction.
Consistent with other studies [24, 28], a large number of
genes assigned to metabolism were differentially expressed
(Fig. 2). The proportion of genes in the ‘metabolism’
cluster was higher in the FTs, whereas the proportion of
genes in the ‘growth factors/cell cycle/apoptosis’ cluster
was higher in the ECs. Therefore, one could hypothesise
that insulin affects metabolism to a greater extent in FTs,
whereas the cell cycle is more strongly affected in ECs.
Nevertheless, one has to keep in mind the difficulty of
elucidating functions from a set of regulated genes.
Literature describing the effects of insulin in FTs or ECs
remains to be published; however, we are currently testing
the above hypothesis in our laboratory. Similar to the
changes observed in the placental tissue in diabetes [29], a
great proportion (FT 58%; EC 55%) of the genes in the
metabolism cluster were involved in various aspects of

Table 4 Upregulated or downregulated genes in term EC and TT
under hyperinsulinemic conditions (1 nmol/l) and in placental tissue
from women with insulin-treated GDM [29]

Gene Regulation
EC/TT GDM
Protein biosynthesis
Ribosomal protein L37a 1 1
Ribosomal protein L38 1 1
KIAA0256 l 1
Translation initiation factor EIF1AY 1 !
Calreticulin l l
Signal transduction
Thrombospondin I 1 i
Interleukin 1 receptor like 1
Leptin receptor l 0
Transcription
DEAD/H box polypeptide 9 l l
DEAD/H box polypeptide 17 l l
Transcription factor 8 1 1
Cell cycle/growth
Secreted frizzled-related protein 1 1 1
ephrin-B2 l l
Transport
SEC14-like 1 1 1
Solute carrier family 16 l 1
Lipid metabolism
Fatty-acid-Coenzyme A ligase, long-chain 2 | l
Hydroxyacyl-Coenzyme A dehydrogenase 1 1
Other classes
Matrix metalloproteinase 14 l !
Lysosomal-associated membrane protein 1 1 l
Non-muscle myosin heavy chain-B l l
cDNA FLJ30824 fis ) l
DKFZp586H0722 1 i

1, upregulated gene; |, downregulated gene. The bold type indicates
those genes that are regulated in the same direction
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lipid biosynthesis and fatty acid metabolism. Also in line
with gene expression changes in placental tissue from
diabetic women was the absence of changes in genes
related to glucose transport and metabolism. This may in
part explain the lack of an effect of insulin on placental
glucose transport and metabolism [30]. Levels of mRNA
for PCK2, a classical insulin-regulated gene encoding the
key enzyme in gluconeogenesis, were below the micro-
array detection limit in all cell types, which is in line with
the absence of placental gluconeogenesis [30].

Comparison of insulin-regulated genes in isolated TTs
and term ECs with genes expressed differentially in term
placental tissue obtained from insulin-treated GDM women
using microarrays similar to those used in this study [29]
only identified a few genes that were regulated under both
in vivo and in vitro conditions (Table 4). There are several
possible reasons for the limited number detected: the
influence of factors other than insulin in the diabetic en-
vironment, or insulin-stimulated changes in cell types other
than those studied, such as tissue macrophages or fibro-
blasts, which also produce insulin receptors [5]. We favour
the first explanation because, in line with our results,
studies in mice have shown that insulin alone stimulates
effects on gene expression that are different to those
produced by diabetes [31].

As predicted by our hypothesis, the most interesting
finding of our study was the spatio-temporal shift in insulin
response between FTs and ECs, i.e. from the maternal-
facing surface at the beginning of gestation to the foetal-
facing surface at term. This occurs in parallel with
developmental changes in insulin receptor location [5,

first trimester

i
mother __ \_\_?f,placenta

ool changes in
metabolism and/or
development
¢ TR
" NS

placenta
~

aJuanjjui je3ao)

maternal influence

end of gestation

Fig. 5 Spatio-temporal change of insulin effects on placental gene
expression allows a shift in the control of insulin regulation from
mother to foetus. In the first trimester, maternal insulin influences
the placenta by interaction with trophoblast insulin receptors. These
may, in turn, affect the mother by secretion of cytokines, hormones
or metabolic waste products. Later in gestation, the foetus takes over
control of insulin-dependent placental processes through foetal
insulin interacting with placental ECs. The effects on placental
development and metabolism induced at the beginning of pregnancy
by maternal insulin, along with the effects of foetal insulin on the
placenta later in gestation, may have repercussions on foetal
development and metabolism
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32], but it is currently unclear whether this will have
functional consequences at a cellular level. Thus, in ad-
dition to maternal insulin, foetal insulin can also regulate
placental gene expression, and the role of foetal insulin
becomes more important as gestation progresses.

The spatio-temporal changes are not only quantitative,
i.e. magnitude of effect, but also qualitative: (1) the set of
insulin-responsive genes was totally different between FTs
and term ECs, resulting in insulin control of different
processes within the same organ; and (2) the direction of
gene regulation by insulin was also different between
trophoblasts and ECs. Whereas in trophoblasts, genes were
predominantly downregulated, in ECs, 45% of the genes
were upregulated. This prevailing downregulation of
expression in FTs was a striking observation; the under-
lying reasons are currently unknown. Genes (Table 3) that
were upregulated in other studies and in FTs may serve as a
positive control. This, along with the rigorous quality and
viability control of the cells, strongly suggests that the ob-
servation is not due to poor cell viablility.

The differential insulin response between the maternal
and foetal surface is not restricted to gene expression, but
can also be observed with insulin stimulation of glycogen
synthesis. At term, insulin does not lead to elevated
glycogen levels in the trophoblast [33], but can stimulate
glycogen synthesis in the endothelium (Desoye G, unpub-
lished). All this underlines the cell type and tissue-specific
action of insulin, even within one organ. The molecular
events underlying these changes in the general response
pattern are unknown and under investigation in our
laboratory.

Our results indicate a shift in control of insulin-de-
pendent processes in the placenta throughout pregnancy
(Fig. 5). At the beginning of gestation, maternal insulin
controls these processes. As gestation advances, the foetus
gradually takes over control and will be mostly indepen-
dent of maternal insulin at term. Therefore, the placenta
represents a model in which insulin effects are separated in
time and space via differential insulin receptor expression.
This compartmentalisation of insulin effects within one
organ represents, to the best of our knowledge, a novel
mechanism for the control of whole-tissue function by
insulin.
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